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INTRODUCTION 


Light, through photosynthesis, is directly or indirectly the chief 
source of energy for living organisms. A number of light—controlled 
processes other than photosynthesis have been studied in plants: 
photoperiodic control of flowering, red and infrared light effects on 
germination, etc. We are beginning to realize the many-faceted im- 
portance of light in relating the response of an organism to its en- 
vironment. 

Phototaxis, the movement of an organism in response to a light 
stimulus, as opposed to phototropism, or light-oriented growth, has 
received little attention in recent years. Yet, phototactic responses 
supply many microorganisms (purple bacteria, at least 170 species 
of algae, fungi, etc.) with a mechanism for achieving optimum light 
conditions. Phototactic movements of chloroplasts in higher plants 
adapt the light-absorbing surface to existing light conditions. Photo- 
taxis, though not confined to photautotrophs, may well prove to be 
ubiquitous among photosynthetic organisms. 

Since existing reviews of the literature on phototaxis (Mainx, 
1929; Mast, 1936, 1941; Manten, 1948; and a brief review by Stanier 
and Cohen-Bazire, 1957) are not comprehensive and, with the ex- 
ception of that by Stanier and Cohen-Bazire are out of date, an ex- 
tensive review of the literature in the field was deemed desirable. A 
number of researchers have recently become interested in phototaxis, 
and it is hoped that this review will be of use to them. Although it 
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may not be complete, this review, to the best knowledge of the author, 
contains a more extensive list of references on phototaxis than is else- 
where available. At the end of it is a list of 170 species of algae in 
which phototactic behavior has been observed. 


This review covers phototaxis in bacteria, in algae, the phototactic 
movements of chloroplasts in algae and higher plants, and phototaxis 
in amebae. 


EARLY OBSERVATIONS 


The earliest speculations on light-induced orientation came from 
Ray in 1693. He formulated the theory that light orientation in 
plants is due to differential effects of intensity on the two sides of 
an organism until the organism is symmetrically placed with respect 
to the source of light. He believed that the light continues to act 
after the organism has oriented. This theory was accepted by De- 
Candolle (1832), and the idea that phototactic stimulation is due 
to differences in light intensity is sometimes referred to as the Ray- 
DeCandolle Theory. 

The first scientific investigations of phototaxis were by Treviranus 
(1817) early in the nineteenth century. He suspended the green algae 
Draparnaldia glomerata and Ulothrix subtilis var. compacta (called 
Conferva mutabilis and Conferva compacta by Treviranus) in a vessel 
of water and found that on exposure to broad daylight the zoospores 
always moved to the shade thrown by the brim. He thought that this 
avoidance reaction was due to the high intensity of the light. 

In the middle and latter parts of the nineteenth century, a con- 
siderable amount of work was done on the physiological effects of 
light on plants, including a surprising amount on desmids. This work 
on desmids was probably due to interest aroused earlier in the century 


by the controversy as to whether as green, locomoting organisms, they 
ought to be classed as animals or plants, as well as to curiosity about 
their mechanism of locomotion. 


PHOTOTAXIS IN DESMIDS 


Ralfs (1848), in his monograph on desmids, describes their move- 
ment to the surface of mud brought into the laboratory and presumes 
that this movement is due to the stimulus of light “rather than to any 
voluntary effort”. Tetmemorus granulatus and Penium brebissonni 
were observed to show this effect particularly strongly. Apparently 
light-induced movements to the surface of mud were also observed 
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Fig. 1. Desmid cells. a. Micrasterias rotata var. evoluta. b. Penium curtum. 
c. Closterium moneliferum. 


transverse axes 


by him in filaments or cells of Oscillatoria, Nostoc, Anabaena and 
Palmella. 

At the same time, Braun (1851) also noted light-induced move- 
ments in desmids. Among the species that he studied, Penium curtum 
moved most rapidly. The motion was described as very different from 
that of diatoms. He observed that the cells quickly turned to align the 
long axis (longitudinal, see Fig. 1) in the direction of the light source. 
The relative age of the semicells of P. curtwm is readily determined, 
since the deposition of iron in the middle layer of the cell wall makes 
the older semicell appear darker. Braun noted that the younger semicell 
always oriented to the light source (p. 217). Pritchard (1861) stated 
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that desmids “... travel towards the light; appear on the side of the 
vessel on which the light falls . . .”. 


CONTROVERSY ON THE NATURE OF PHOTOTAXIS 


Thuret (1850) accepted the Ray-DeCandolle Theory of phototaxis, 
but a controvery soon arose when Nageli (1860) and Cohn (1865, 
1866) proposed that phototaxis is a response to the direction of light, 
sun responses, for example, being due to the parallel nature of sun- 
light. Nageli, like Treviranus, found that flagellates and swarm-spores 
collected at the side of a porcelain dish nearest the window, although 
the intensity of light there was frequently lower than elsewhere, due to 
the shadow of the side of the dish. Famintzin (1867a, 1867b) sided 
with Thuret. 

It remained for Strasburger (1878) to settle temporarily the con- 
troversy by showing that the nature of the response appeared to depend 
upon the organism studied. In studying many kinds of swarm-spores, 
including fungal as well as algal representatives, he found two types of 
phototactic reactions: a) a response to gradation in white light in- 
tensity, e.g., swarm-spores of Haematococcus; b) a response to the 
direction of the light stimulus, e.g. swarm-spores of Botrydium. 

Scrasburger observed that organisms which showed positive photo- 
taxis at moderate light intensities exhibited negative phototaxis when 
the intensity was very high (see also Stahl, 1880a; Berthold, 1882; 
Verworn, 1889; Oltmanns, 1892). He recorded phototactic irritability 
in several colorless forms, demonstrating that obvious pigmentation is 
not a requirement for phototactic organisms (see section titled “Photo- 
taxis in achlorophyllous organisms”, p. 169). 

Cohn (1865) was the first to study the effects of different colors 
of light on phototaxis in microorganisms. Using colored glass filters to 
study the responses, he concluded that blue is phototactically most ef- 
fective. Strasburger confirmed Cohn’s work in experiments with a 
number of swarm-spores. At first, he used three colored solutions as 
filters and a yellow sodium light. Later, he dispersed sunlight into 
a five-cm. spectrum with a large prism and used a 0.4-mm. slit to 
isolate portions of this spectrum. 

Strasburger studied the effect of temperature on phototaxis in 
Haematoccocus swarm-spores which he found at a given intensity to 
be negatively phototactic at 4°C., positively phototactic at 16 — 18°C., 
and very strongly positive at 35°C. Similar results were obtained with 
some other forms (e¢.g., swarm-spores of Ulothrix and Ulva), but 
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phototaxis could not be reversed in some other forms by manipulat- 
ing the temperature (e.g., Scytosiphon, Chilomonas). Behavior simi- 
lar to that of Haematococcus was found by Massart (1891) in Chro- 
mulina, where the phototactic response changes from positive to nega- 
tive with a decrease in temperature. 


THE WORK OF ENGELMANN 


In 1876, the first of a remarkable series of papers by Engelmann 
appeared. Engelmann is most often remembered for his statement that 
photosynthesis is correlated with the absorption of light by chlorophyll 
and for his work in determining the first action spectrum of photo- 
synthesis. It was probably his investigations on phototaxis which led 
him to perform these experiments. His investigations on phototaxis 
began (1879a) with observations of creeping motility in Oscillatoria, 
diatoms, Beggiatoa and Thioploca. He classified the latter two organisms 
as bacteria; they are now considered to be colorless blue-green algae. 

Using a microspectrum projected on a slide, he studied phototaxis 
in purple bacteria, diatoms and blue-green algae (1881, 1882a, 1888a, 
1888b). In Bacterium photometricum (modern name Chromatium) 
he could demonstrate no phototactic reaction in a beam of parallel 
light. Using sunlight, gas-light and incandescent light as sources in 
an attempt to compensate for inequality of energy across the spectrum, 
he found that B. photometricum collected in a band in the infra red 
between 800 and 900 my, in a less distinct band in the yellow at 
about 590 my, and in still less distinct bands in the green between 
550 and 520 mp. The absorption spectrum of a thin layer of bacteria 
was similar to the action spectrum he had obtained. Despite the dis- 
placement of the bacteriochlorophyll absorption curve from those 
of chlorophyll 4 and 4, he recognized similarities to the curves that 
he had obtained with algae and concluded that B. photometricum is 
capable of photosynthesis. VanNiel has confirmed this in relatively 
recent years. Engelmann concluded that phototaxis in bacteria, be- 
cause of its correlation with photosynthesis, is based on a chemotaxis 
for oxygen. 

In further studies on phototactic phenomena, Engelmann elucidated 
the light-spot congregation phenomena first described by Cohn (1866). 
He found that sudden reduction in light intensity caused a “shock 
reaction”, as a result of which the direction of movement was changed; 
however, the converse was not true, a sudden rise in intensity, if not 
great enough to cause shock stoppage of movement, had no effect. 
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Thus organisms were prevented from. crossing a boundary between 
light and dark (or dim light) after having once entered the light 
zone, which therefore acted as a trap. 

Engelmann studied phototaxis in Paramecium bursaria which con- 
tains Chlorella, which causes, under anaerobic conditions, aggregation 
of the paramecia in a spectrum at the spots of maximum absorption 
of chlorophyll. In trying to localize light sensitivity, Englemann found 
that it seemed to be located at or near the eye-spot in green flagellates, 
but that the sensitivity to light was spread over the entire cell in 
green ciliates (1882b). 


PROGRESS DURING THE LATTER PART OF 
THE NINETEENTH CENTURY 


In 1880 there appeared two papers on phototaxis in desmids. Gobel 
worked on Micrasterias, Stahl mainly on Closterium moneliferum. 
Gébel (1880, p. 318) reported that the plane of the disc of Micras- 
terias oriented at right angles to the direction of a light beam. Bendix 
(1957) found no light conditions which would consistently induce 
this position. With a stimulating light beam entering a dish of des- 
mids at a grazing angle to the bottom, the cells generally remained 
flat on the bottom at a range of intensities from below the threshold 
of positive phototaxis to intensities inhibiting negative phototaxis. 

Stahl (1880b) was led to investigate the phototactic behavior 
of Clostertuum moneliferum upon observation of apparently phototactic 
accumulations of this species in collected mud samples. Being familiar 
with the work of Braun, he expected the cells of Closterium to orient 
with the younger semicell toward the light source; however, he ob- 
served that, although the cells oriented with respect to the light 
source, either semicell could be toward the light. Using diffuse day- 
light, he noted that the longitudinal axis (see Fig. 1) of the cell 
lined up in the plane of the light. Stahl (1880b) found that, although 
Closterium moneliferum could glide along the bottom of a container 
in response to a phototactic stimulus, the dominant mode of loco- 
motion was an end-for-end flipping. Bendix (1957) reported the 
same two types of motion in Micrasterias rotata var. evoluta, where, 
however, flipping was a less common occurrence (see Fig. 2). 

Stahl made phototactic studies on other forms, similar to the 
work done by Strasburger and published the same year. He did not 
come to the same conclusions regarding the two types of phototaxis 
and, in particular, was unable to repeat Strasburger’s work on Bryopsis. 
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Klebs (1885) and Aderhold (1888) thought that desmid move- 
ment is connected with localized secretion of gelatinous material 
through pores on one end of the cell; Kol (1927) has also empha- 
sized this connection. Klebs (1885) observed that Pleurotaeninm 
oriented in the direction of the light beam at low intensities and 
perpendicular to the beam at high intensities. He was not sure that 
light caused the movements he observed in Micrasterias, Euastrum and 
Cosmarium. Schenk (1894) stated in his textbook that many desmids 
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Fig. 2. Typical positive phototactic movement 
of Micrasterias cells showing gliding and flip- 
ping motions. 


show heliotactic movements and that the orientation in light is cor- 
related with the expulsion of slime through the cell membrane. 
Klebs (1896) also studied phototaxis in the Chaetophoraceae 
(Ulotrichales), in which he found the microzoospores to be more 
light-sensitive than the macrozoospores. This was confirmed by Pascher 
(1907) and similar behavior was reported in Ulothrix by West and 
Fritsch (1927). Dodel-Port (1876) did a number of experiments 
on phototaxis in Ulothrix zonata. Verworn (1889) studied phototaxis 
in different colored lights, using sunlight as a source and the follow- 
ing filters: cobalt and ruby glasses, potassium bichromate and am- 
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moniacal copper oxide solutions. He concluded that short wave lengths 
were most effective in the phototaxis of Navicula brevis (diatom). 
Oltmanns (1892) observed negative phototaxis at high light in- 
tensities in Volvox, Spirogyra (filaments), Mesocarpus and Funaria 
(moss). Francé (1893) made an extensive study of eyespots in 31 
species of algae, concluding that the eyespot functions as a light- 
receiving organ. 


THE TWENTIETH CENTURY BEGINS 


Although the beginning of the twentieth century saw more de- 
scriptive work extending the range of organisms in which phototaxis 
had been observed, it was marked by attempts to elucidate phototactic 
phenomena, a reflection of increasing knowledge of physics and 
concomitant instrumentation. 

Pfeffer (1903) comprehensively reviewed the early literature on 
phototaxis. He stated that zoospores orient with the anterior end in 
the direction of phototactic movement and that many zoospores with- 
out eye-spots are phototactic. Francé (1909) believed the pigments 
in eye-spots to be light-sensitive and thought that the lenses in the 
eye-spots concentrate light. Richter (1903) observed phototaxis in 
diatoms. Holmes (1903) studied phototaxis in Volvox. Desroche 
(1912) found that phototaxis in Chlamydomonas approximately fol- 
lowed Weber's Law. Using Rhodospirillum rubrum, Molisch (1907) 
observed that purple bacteria respond more strongly to abrupt than 
to gradual changes in light intensity. Strzeszewski (1913) studied the 
effect of light intensity on phototactic accumulation of the purple 
bacterium Chromatium. Schiller (1907) observed that in the gametes 
of Ulva the eye-spot is nearly always directed toward the source of 
light. Rothert (quoted in Ewald, 1912) found some narcotics to in- 
hibit phototaxis in Gonium and Pandorina. 

Mast began his work on phototaxis with studies on Volvox globator 
(1907); his most detailed work, however, over a period of years, was 
done on Euglena and Amoeba (see pages 156, 170). He obtained an 
action spectrum for phototaxis in Evglena and found that Gonium gave 
essentially the same curve, with a maximum at 485 my, but that the 
related forms Pandorina and Spondylomorum showed a maximum at 
535 my. and a broader based curve (Gonium, Pandorina and Spondylo- 
morum are in the same order of the green algae, whereas Euglena is 
in a separate phylum). These curves suggested participation of caro- 
tenoids in the response, and the differences between the genera were 
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assumed to be correlated with differences in the carotenoid pigments 
they contain. 

Mast believed that the responses he observed in white light were 
due to the time-rate of change of light intensity. For example, in 
Gonium the rate of change in intensity, not the absolute magnitude of 
the change, influenced the response. A large but very gradual intensity 
change produced no effect, whereas a smaller but abrupt change pro- 
duced a response analogous to shock reactions in Euglena. Mast was 
in strong disagreement with Loeb (Loeb and Maxwell, 1910) who 
held that the light-orienting stimulus in all animals is dependent upon 
the amount of stimulating energy, a given amount of stimulating 
energy (intensity < time) always producing the same effect, no matter 
how these two factors vary. According to this theory, a weak agent 
acting a long time would cause the same response as a strong one 
acting a short time. As Mast has pointed out, this theory does not 
account for the differences in behavior of many organisms when sub- 
jected to the same light intensity change abruptly or gradually. 


MISCELLANEOUS OBSERVATIONS, 1915 TO 1945 


Laurens and Hooker (1918) obtained a balanced energy action spec- 
trum of phototaxis for Volvox which proved to be similar to that for 
Euglena as obtained by Mast. As late as 1928, experiments were still 
being performed in which action spectra were being obtained without 
regard to the differences in radiant energy in various parts of the 
spectrum obtained from a white light source. Dangeard (1928) used 
a spectrograph to determine the action spectrum of phototaxis for a 
number of organisms. He thought that the extreme variability of re- 
sponse which he obtained was due to differences in the balance be- 
tween chlorophyll and xanthophyll in different samples of the organ- 
isms he worked with. Some of this, at least, may have been due to 
the differences in radiant energy distribution at different wave lengths 
between the various light sources he employed. 

Durston (1925) found positive phototaxis in the brine flagellate 
Dunaliella salina to be brought about by blue or yellow, but not by 
red, light. This organism has been more intensively studied by Blum 
and Fox (1933). Phototactic action spectra were obtained by using an 
incandescent source and Corning glass filters to isolate wave-length 
bands. They determined the position of the light source at which re- 
sponse was barely detectable at 5 min. for each filter. The relative 
light intensity was calculated, using the inverse square law, the emis- 
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sion spectrum of the source (calculated, not experimentally deter- 
mined) and spectrophotometrically determined transmission factors 
for the filters. Red and green forms of D. salina were found to have 
approximately the same responses (max. at about 500 my), from 
which it was assumed that the same substance is photoactive in both 
cases. The sensitivity of the red form is relatively less at shorter wave- 
lengths and greater at longer wave-lengths. The difference was thought 
to be due to differences in non-photoactive pigment screening of the 
photoactive substance. The phototactic response was retained in vir- 
tual absence of molecular oxygen. 

Mainx and Wolf (1940) measured the swimming rate of Pandorina 
morum at various intensities in the positive and negative phototactic 
regions. They felt that the data indicated the presence of two inde- 
pendent antagonistic reactions involved in phototaxis. 

Phototaxis in dinoflagellates has been reported by Kofoid and 
Swezy (1921), Entz (1930) and Metzner (1930). Metzner also 
(1919, 1921) studied the effects of photodynamic agents upon “non- 
phototactic” organisms. He was able to induce phototaxis with an 
action spectrum corresponding to that of the photodynamic agent. 
Unfortunately, he did not know that some of his organisms were 
normally phototactic under the proper conditions. 

Pincussin (1930) reported that desmids oriented in a light beam 
make a 45° angle with the substratum. He does not state the angle 
of the incident beam with the substratum. Bendix (1957, p. 18), in 
observations of orientation in ten desmid species, found 45° orienta- 
tion only when the light beam was at 45° with the substratum or 
transiently during the process of flipping end-for-end. 


THE WORK OF LUNTZ 


Luntz (193la, 1931b, 1932) made a quantitative study of photo- 
taxis in Eudorina elegans, Volvox minor, Chilomonas and Chlamy- 
domonas. Absolute energy values were determined with a Moll ther- 
mopile standardized with a Hefner candle. For E. elegans, V. minor and 
Chlamydomonas he found a maximum at 492 my, no reaction in the 
red, and a weak reaction at 366 my. The thresholds for Eudorina and 
Chlamydomonas were the same, that for Volvox considerably higher. 
Colorless Chilomonas had a maximum at 366 my and was equally 
sensitive to all visible lines. The absolute threshold at 492 my was 
about 10° times as high as that for the other three organisms. The 
threshold at 366% was the same for all four organisms. Threshold 
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values for Eudorina, Volvox and Chilomonas are given in Table I. 
The thresholds for movement in Exdorina and Volvox were lower than 
those for orientation. Bendix (1957) found this to hold true for 
Micrasterias rotata var. evoluta also. 


TABLE I 
PHOTATACTIC THRESHOLDS DETERMINED BY LUNTZ (1931a) 





Organism Orientation threshold Movement threshold 
erg/cm.?/sec. erg/cm.?/sec. 
Eudora elegans 0.04 0.01 
Volvox minor 0.06, — 0.04— 
Chilomonas 9.00 -— 











Luntz studied the high intensity inflection from positive to nega- 
tive phototaxis in Volvox, Chlorogonium and Eudorina. He hypothe- 
sized that a light stimulus causes two opposite reactions whose strengths 


Fig. 3. Positive phototactic movement of diatoms 
a. Amphora montana; b. Nitzchia palea. (Nultsch, 1956). 


are differently influenced by light intensity. The observed behavior 
represents the difference between the two reactions. 


PHOTOTAXIS IN EUGLENA 


Euglena is an organism on which particularly many phototactic stu- 
dies have been performed. Famintzin (1867a), Stahl (1880a) and 
Engelmann (1882b) observed Euglena to exhibit positive phototaxis 
in weak light and negative phototaxis in strong light. Wager (1900) 
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describes detailed observations on phototactic motion in Euglena vir- 
idis and gives diagrams of organelles associated with phototaxis simi- 
lar to that of Géssel (see Fig. 4). 

Engelmann (1882b) established that the response of Euglena to a 
decrease in intensity resulted in aggregation in brilliant spots in a 
field of light and that the response to an increase in light intensity 
resulted in aggregation in dark spots. Thus spots act like traps: 
organisms enter in the course of random movement through the 
field, but shock reactions prevent exit. Binning and Tazawa (1957) 
found negative phototaxis in E. gracilis to be a clear shock effect. 

Individual cells of E. gracilis were confined in quartz capillaries 
by Tchakhotine (1936). Micro-beam irradiation elicited a photo- 
tactic response only when directed on the eye-spot. Blue and blue- 
violet only were phototactically effective. Irradiation with 2800 A 
blinded the organisms to visible phototactic stimuli. He concluded 
that the stigma was a primitive visual organ mediating the photo- 
tactic response. 

Mast (1936) held that there are two types of light response in 
Euglena: one depends upon the rate of change in luminous intensity 
and results in orientation and aggregation; the other depends on 
changes in the energy levels received and involves the degree of 
activity. 

The peaks in various determinations of action spectra are shown 
in Table II. Mast (1917) was the first investigator of Euglena to 
recognize the need to correct action spectra data for radiant intensity 
differences at different wave lengths. He obtained a peak at 485 my, 


TABLE II 
Action SpectRUM MAXIMA FoR Positive PHotoraxis IN Euglena 





Investigator Date Maximum — mp 
Strasburger 1878 c.415— 435 
Engelmann 1882b c.470 — 490 
Loeb and Maxwell 1910 460 — 510 
Loeb and Wasteneys 1916 450 — 506 
Mast 1917 485 
Bracher 1937 420 — 460 
Biinning and Schneiderhéhn 1956 490 — 500 
Wolken and Shin 1958 465 and 630—"“photokinesis” 
420, 440, 468, 508—"phototaxis” (see text) 








158 THE BOTANICAL REVIEW 


with the limits of response at 410 and 540 my. The blue peak im- 
plicated carotenoids present in the eye-spot. 

Binning and Schneiderhéhn (1956) obtained action spectra for 
positive and negative phototaxis in Euglena gracilis, using interference 
filters. They found different action spectra for the two responses: the 
positive phototactic response had a major maximum at 490—500 my 
and a secondary maximum at 415 — 430 my; the negative phototactic 
response had a single major maximum at 415 my. They think that 
the two reactions are dependent on the same substance and that the 
differences in action spectra are due to a modifying influence exerted 
upon the responses by the absorption by stigma carotenoids. 

Wolken and Shin (1958) distinguished between “photokinesis” = 
non-directed swimming rate affected by light and “phototaxis” = light- 
directed orientation. In E. gracilis photokinesis in white fluorescent 
light saturated at 40 fc (0.16 mm./sec.), then decreased with increasing 
light intensity. Plane polarized light obtained with a polarizer proved 
to be phototactically more effective than non-polarized light (satura- 
tion at 13 fc, 0.18 mm./sec.). An action spectrum with maxima at 
465 and 630 my was obtained with Corning and Wratten filters to 
isolate narrow wavelength bands. 

“Phototactic” action spectra resulted by comparing the relative num- 
bers of organisms accumulating in areas of a cell illuminated through 
two filters. Light-grown, dark-grown and dark adapted cells showed 
maximum responses at 420 and 490 my. Additional peaks at 468 
and 508 my were observed in polarized light, which these authors 
feel may indicate that more than one light-absorbing pigment is pres- 
ent within the eye-spot or that other pigments in the cell were in- 
volved in the response. 

The enhanced “photokinetic” efficiency of plane polarized light sug- 
gests that the molecules of the absorbing pigment are similarly orient- 
ed in the eye-spot. Additional peaks in the “phototactic” action spec- 
trum are more difficult to interpret. A satisfactory explanation has not 
yet been proposed. 


THE NATURE OF PHOTIC ORIENTATION 


Verworn (1894) postulated the following theory to explain orien- 
tation: when euglenae are not oriented, opposite sides are unequally 
illuminated, the flagella beat more effectively in one direction than 
in the other, and this results in turning the organisms until opposite 
sides are equally illuminated. The flagella then beat equally in both 
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directions and the organisms continue on a straight course. This is 
essentially the Ray-DeCandolle Theory applied to Exglena. 

Jennings (1904) felt that if only the anterior end of Euglena is 
sensitive to changes in luminous intensity, then all turning from the 
light results in reduction in illumination, and all turning toward the 
light results in increase in illumination of the sensitive substance. 
Photopositive specimens turn until they face the light, photonegative 
specimens until they face the opposite direction. The stimulus which 
induces turning then ceases and the organisms continue directly to- 
ward or away from the light. Torrey (1907) disagreed with Jennings 
and felt that Jennings’ own data indicated that orientation is due to 
the local effect of unequal stimulation on either side of the organism. 

Engelmann (1882b) determined that if a shadow was passed from 
the posterior to the anterior end of Exglena, there was no response 
until the stigma was reached. This was confirmed by Mast (1911) 
who explained orientation this way: a transparent layer of plasma 
is present in front of the eye-spot of this flagellate, while the rest 
of the protoplast is fairly opaque; rotation on the longitudinal axis, 
which normally occurs during movement, illuminates the eye-spot for 
only part of each rotation, causing a shock reaction during each revo- 
lution; the shock reactions cause the direction of the axis to be 
changed until the direction of the axis and that of the light coincide. 

Mast makes a strong point that the stimulus ceases after the organism 
has become oriented and that the organism then continues directly 
to or from the light because it tends to take a straight course and be- 
cause, if for any reason it is turned from this course, the orienting 
stimulus immediately acts and induces shock reactions which bring 
it back on course. He does not accept the Ray-DeCandolle Theory, 
according to which the organism would be held on course by con- 
tinuous action of the light. To the present author it seems that if 
light causes a course correction whenever the organism deviates from 
a straight line, then light is continuously acting to hold the organism 
on its course. 


BEHAVIOR IN TWO BEAMS 


Mast (1911) studied the behavior of several free-swimming species 
of Euglena and two in the crawling state (a number of other genera 
were also tested) subjected to two beams of light at 90°. He found 
that they moved approximately on the diagonal between the directions 
of the two beams. 
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In similar experiments, Buder (1917) found that Euglena moved 
at an angle related to the intensities of the two beams, which seemed 
to indicate quantitative proportionality between stimulus and response. 
Mast and Johnson (1932) felt that the behavior in two beams has 
no bearing on the quantitative relation between stimulus and response, 
but could be explained on the assumptions that the eye-spot is a 
photoreceptor and that the stimulating effect of light varies with the 
angle of incidence. 


MOVEMENT IN DIATOMS 


Diatoms are unique among non-flagellate phototactic microorga- 
nisms in that there is definite information about their means of loco- 
motion, and one is not forced to rely on nebulous theories regarding 
the nature of “slime movement” to explain motion. Many diatoms have 
the ability to move. This ability is correlated with the presence of a 
raphe in each valve wall. The raphe is a sigmoid cleft running the 
length of the organism. According to current belief, based on the 
extensive work of Miiller (1889, see Smith 1955, p. 671 for a list 
of references), movement is due to a flow of cytoplasm along the 
free face of the raphe. Propulsion of the frustule is in the opposite 
direction to that of the streaming at the area of contact with the 
substratum. Movement is due to currents in the medium set up by 
the protoplasmic streaming which can be demonstrated by observa- 
tion in dilute india ink (Smith 1955). 

Heidingsfeld (1943), on the basis of her observations of photo- 
taxis in light isolated by two filters, concluded that Navicula radiosa 
is phototactically most sensitive to short wave lengths. Cells with their 
long axis parallel to the beam responded fastest, whereas cells per- 
pendicular to the beam did not respond until random movement 
brought them parallel. There was no evidence that light caused orien- 
tation, however. 

Nultsch (1956) obtained phototactic action spectra for several 
diatoms, using Schott filters and metal interference filters. He dis- 
tinguished three classes of movement among the organisms he worked 
with: Navicula type = movement predominantly in a straight line; 
Amphora type = path randomly irregular; Nitzschia type = path 
devious but with two consistent radii of curvature (see Fig. 3). 
Average speeds were 3 to 10y/sec., while maximum speeds ranged 
from 4 to 14 p/sec. There was a noticeable effect of temperature only 
above 30°C. Four species were positively phototactic at 3 to 10,000 





PHOTOTAXIS 161 


lux (meter-candles). Nitzschia stagnorum was indifferent above 2500 
lux. Short wave lengths, around 550 my, were most effective in photo- 
taxis. 


PHOTOTAXIS IN PHAEOPHYCOPHYTA AND 
RHODOPHYCOPHYTA 


Phototaxis in the Phaeophycophyta (brown algae) and Rhodophy- 
cophyta (red algae) has not been studied so extensively as in other 
algae and in bacteria. Phototactic behavior has been observed in the 
spores of brown algae by Thuret (1850) and Cohn (1866). Kylin 
(1918) stated that everyone who has studied brown algae has ob- 
served phototaxis in swarmers, and he refers to phototaxis in his later 
work on brown algae (1933). Fritsch (1935) considered it common 
in the Ectocarpales. 

Papenfuss (1935) reported that conjugation was not observed 
in Ectocarpus siliculosis while the female gametes were motile, but 
always after the female gamete attached to the side of the hanging 
drops toward the light. He also found the great majority of zooids to 
be positively phototactic, but a certain unexplained proportion was 
negative or neutral in phototactic response. He found that disturbance 
due to handling tended to produce a negative response. In other work 
on the brown algae, Kotte (1923) noted that the spermatozoids of 
Fucus serratus were negatively phototactic, and Abe (1935) has ob- 
served phototaxis in swarmers of Heterochordaria, Scytosiphon and 
Sorocarpus. 

Phototaxis in Porphyridium cruentum ( a primitive member of the 
Rhodophycophyta) was first reported by ‘Dangeard (1930) and was 
confirmed by Vischer (1935), Geitler (1944), Pringsheim and Pring- 
sheim (1949) and others. Geitler reports the maximum rate of photo- 
tactic movement as 60 »/hr. Creeping motility is known in some other 
members of the red algae which may well prove to be phototactic on 
further investigation. 


MOVEMENT IN BLUE-GREEN ALGAE 


Cyanophyceae exhibit three types of movement: linear translation’, 
axial rotation, and oscillation. These movements, in so far as present 
evidence indicates, are not due solely to phototactic stimuli. Since all 
studies of the mechanism of cyanophycean locomotion have a bear- 


2 Translation of a body is such motion that all plane sections of the body 
remain parallel to their respective first positions. 
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ing on the mechanism of response to light stimuli, this discussion will 
include some reference to experiments in which phototaxis was not 
a factor. 

Apparently the first paper on autonomic movements of filamentous 
Cyanophyceae was published in the middle of the eighteenth century 
by Adamson (1767). Famintzin (1867a) found Oscillatoria insignis 
to be negatively photeractic in direct sunlight and positive in diffuse 
daylight. He felt that light was the main stimulus for motion, since 
comparatively slight motion was observed in the dark. Movements 
may long continue in the dark, however (Borzi, 1879; Pieper, 1915; 
Harder, 1917; Schmid, 1921). Hansgirg (1882), who worked with 
four species of Oscillatoria, Phillips (1904), Pieper (1913) and 
Harder (1920) agreed with Famintzin that movement was more 
rapid in light than in dark. Hansgirg thought the movement to be 
due to “diosmotic processes” resulting from a turgor gradient along 
the entire filament, and the reversal in direction to be due to reversal 
of the pressure gradient caused by an external stimulus (1883). Plas- 
molytic experiments do indicate a difference in osmotic properties 
in different parts of the filament, but no gradient, has been demon- 
strated (Burkholder, 1934). 

In contrast to Famintzin and Hansgirg, Verworn (1889) found 
filamentous blue-green algae to be positively phototactic in direct 
sunlight. Schmid (1923) thought that brown species, such as Oscilla- 
toria jenensis, with a high proportion of phycoerythrin, were nega- 
tively phototactic, and that green species, such as O. cortiana, were 
positively phototactic; but this generalization has proved to be invalid. 
In experiments with nine species of Oscillatoria, Burkholder (1934) 
reported the phototactic sign to vary within the genus: one species, 
O. splendida, being negatively phototactic, whereas the other eight 
were positive. 

Correns (1897) thought that velocity was proportional to the 
diameter of the filament. Harder (1918) observed that the velocity 
of filaments varied with the light intensity after 24 hours of dark 
adaptation. The speed of primary hormogonia of Nostoc increases with 
light intensity between 5 and 900 mc., with a strong increase up 
to 100 mc. Older hormogonia are indifferent to intensity changes 
over a range of 5 to 2222 mc. Burkholder (1934) observed no varia- 
tion in velocity between 0.01 to 2613 me. in Oscéllatoria formosa 
after 20 hours of dark adaptation. These experiments were done under 
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conditions in which orientation of the filaments was excluded by 
illuminating in a direction perpendicular to the plane in which the or- 
ganisms were allowed to glide, which may well account for the ob- 
served lack of response. 

Harder (1917) made use of the phototactic response of young 
hormogonia of Nostoc punctiforme and Anabaena variabilis to obtain 
pure cultures. This technique was used on a number of other blue-green 
algae by Allen (1952). 


EFFECTS OF LIGHT OF DIFFERENT WAVE LENGTHS 


Verworn (1889) observed a phototactic reaction in all regions of 
the visible spectrum with Glaucothrix gracillima. Pieper (1913) es- 
tablished that diaphototaxis, or orientation in such a manner that 
optimum light absorption may be permitted, occurs in Oscillatoria 
filaments under moderate light intensities, the filaments orienting 
perpendicular to the direction of the incident light. He studied the 
behavior of O. formosa with several light sources and filters, obtain- 
ing the results shown in Table III. The light for these experiments 
was obtained by use of solutions of various colored substances. The 
transmission band widths are given as 25—80 my on the basis of 
work of others but were not actually measured by Pieper; he does 
not indicate whether these widths are half-widths or ‘total’ band 
widths. At the optimal intensities of red and yellow he obtained 
diaphototaxis. Dark-adapted cultures gave optimal positive phototaxis 
in white light at lower intensities than light-grown cultures, indicat- 
ing an adaptive factor in the phototactic reaction. 

Dangeard (1928) exposed various species of Oscillatoria to the spec- 
trum from a spectrograph and found that they collected in the orange, 


TABLE III 


DIRECTION AND STRENGTH OF PHOTOTAXIS IN Oscillatoria formosa 
Unper Various Licut Conpitions (AFTER Pieper, 1915) 





Low intensity High intensity 


white light + —e 
red light ++ ++ 
yellow light ++ ++ 
green light + = 
blue light — — 
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red and infra red. The response was constant for a given species but 
varied slightly from species to species, probably correlating with in- 
terspecific pigment differences. 


ROLE OF THE MUCILAGE 


Engelmann (1879a) thought that motion was due to rhythmic 
longitudinal waves traversing the filaments, coupled with the secre- 
tory mechanism. Many investigators since Engelmann, including Lau- 
terborn (1896), Verworn (1889), Schréder (1902) and Harder 
(1918), have also thought that the secretion of mucilage is the cause 
of movement. Theories of propulsion by mucilaginous secretion are 
difficult to apply, however, to movements of filaments not in direct 
contact with the substratum. 

Fechner (1915) reported that the mucilage of Cyanophyeae was 
anisotropic, but Krenner (1925) and Nikilitschek (1934) contested 
this. The envelope of mucilage forms a complete cylinder only in 
the rare instances in which the threads are moving freely. Usually 
the envelope is U-shaped in cross section with the opening on the 
underside, where the gliding thread is in direct contact with the 
substratum. The envelope itself is fixed to the substratum only at the 
starting point ( Nikilitschek, 1934). Frey-Wyssling and Stecher (1954) 
have shown that Nostoc slime contains submicroscopic cellulose fibrils 
which are responsible for many of its physical properties. 

Hansgirg (1883) and Zuelzer (1911) have observed mucilage spir- 
als left by filaments as they moved. In careful observations of the 
movements of filaments of Oscillatoria jenensis over soil surfaces, 
Schmid (1921) saw fine mucilage strands which remained stretched 
ffom particle to particle and which were twisted as a result of the 
rotation of the filaments’. The mucilage tracks were made up of two 
threads. This was confirmed by Nikilitschek (1934). Schmid held 
that the right or left rotation of filaments was constant for a given 
species of Oscillatoria. He thought that the mucilage was secreted 
through pores, but others feel it is probably a modification of the 
outer part of the cell wall. 

Hosoi (1951) placed filaments of Oscillatoria princeps on a thin 
agar film on a cover slip used as the roof of a moist chamber and 
then observed them with dark-field and phase microscopy. In dark- 


3 Nostoc does not rotate as it moves (Ulrich, 1926). 
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field illumination, the slime is brightly illuminated and can be seen 
to move spirally about the filaments, even when movement of the 
filament is stopped with micromanipulator needles. When the filament 
voluntarily comes to rest, the mucilage ceases to move. 

Ulrich (1929) thought that movement was due to contractile 
waves traversing the filament. Schulz (1955), using Ulrich’s method, 
could not confirm Ulrich’s observations that active contractions were 
the likely origin of the gliding motions. He made an electron micro- 
scopic study of the structure of the cell walls of 11 species, using 
supersonic distintegration to obtain wall fragments, and found what 
he interpreted as many mucilage pores. Such pores had been reported 
by Phillips (1904) and Schmid (1921), but Miihldorf (1935, 1938) 
and Ulrich (1926) were unable to find them. 

Fechner (1915) thought that both forward progression and the 
typical accompanying rotation were accounted for by the radial swell- 
ing of the mucilage, on an axis inclined to the axis of the filament, 
squeezing the filament forward and away from the smaller end of 
the sheath. This is not applicable to some forms with interrupted 
sheaths. Prell (1921) proposed the hypothesis that movement was 


caused by the flowing pressure of gelatinous strands extruded through 
numerous spirally arranged pores along the entire length of the fila- 
ment. When secretion resumed, the jelly strands had a different pur- 
chase with respect to the substratum, and the filaments moved in the 
opposite direction. It is difficult to see how such a mechanism ac- 
counts for movement restricted to a single plane. 


REVERSAL OF DIRECTION OF MOVEMENT 


Nienburg (1916) used a very small beam of light controlled by 
different sizes and shapes of apertures manipulated so as to illuminate 
one or both ends or only the middle of a single filament creeping on 
a microscope slide. He found that a change from dark to light had 
no influence on the direction of movement. Speed was apparently 
accelerated by increased light intensity, but the temperature may not 
have been adequately controlled. All parts of a filament were equally 
sensitive to light. Nikilitschek (1934) found that Oscillatoria threads 
illuminated by a circular area of light exhibit reversal of movement 
as soon as one third to one half of the filament has passed into the 
dark. Darkening is effective in causing reversal only if the end that 
is momentarily directed forward comes under its influence. Burkholder 
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(1934) found a greater frequency of reversal at higher light inten- 
sities. 

The hormogonia of Nostoc reverse direction when the light intensity 
is suddenly lowered. A sudden increase in intensity from 0 to 12,000 
mc. gave no reversal. Only when the previous period of illumination 
had lasted a definite minimum time did a lowering of intensity result 
in reversal. The factors concerned in reversal are: 4) period of illumi- 
nation, 6) period of shading, c) drop in intensity between the two 
periods. Filaments were exposed to white light at 200 mc. for two 
minutes, then darkened, then illuminated again. When the shade 
period lasted more than a minimum of 15 seconds, reversal always 
occurred, and the length of the rest-period in the succeeding light 
period varied inversely with the duration of the shade-period. When 
the shade period was greater than 80 sec., movement was resumed upon 
subsequent illumination without any rest period in the light (Harder, 
1920). 


PHOTOTAXIS IN PURPLE BACTERIA 


Buder (1919) worked on phototaxis in purple bacteria where he 


succeeded in resolving the single aggregation Engelmann observed 
in the blue-green region of the spectrum into three weak but distinct 
regions at approximately 530, 490 and 470 my. Comparison of the 
absorption spectra of suspensions of living bacteria with the action 
spectrum for phototaxis led him to believe that the entire pigment 
complex was active in the perception of light. Van Niel (1944) con- 
curred in this opinion. Carotenoids would be responsible for the 
aggregation at 530, 490 and 470 my; whereas bacteriochlorophy]l 
would be responsible for observed aggregations at 900, 850, 800, 590 
my. and in the far violet. 

Schrammeck (1934) made further studies on purple bacteria. He 
determined the smallest decrease in intensity which would suffice to 
evoke a phototactic response and found the liminally effective decrease 
to be 5% of the initial intensity. This has served as a key case in sup- 
port of the Weber Law which requires that the least perceptable 
change in an environmental factor be a constant fraction of the original 
intensity of the factor. Clayton (1953a) found Weber Law adherence 
over a much narrower range when he repeated this work. 

French (1938) studied the rate of photosynthesis in Rhodospirillum 
rubrum at different wave lengths. He explained the accumulation of 
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bacteria in a spectrum in regions of maximum absorption of bac- 
teriochlorophyll by chemotaxis brought about by a carbon dioxide 
gradient due to unequal consumption of carbon dioxide in parts 
of the spectrum of different efficiency for photosynthesis. Aggrega- 
tion would then be due to avoidance of high carbon dioxide concen- 
trations. Fischer (1939) studied the effect of rate of change in 
light intensity on phototaxis in Chromatium. 

Schlegel (1956) has demonstrated negative phototaxis at high 
light intensities in four species of purple bacteria: Chromatium vino- 
sum, Chr. Okeni, Thiospirillum jenense, Rhodospirillum rubrum. 


THE WORK OF MANTEN 


Manten has obtained an action spectrum of phototaxis in Rhodo- 
spirillum rubrum (1948), taking advantage of the fact that this or- 
ganism exhibits a bright light spot trap phenomenon of the type first 
described by Cohn. The spirilla will cross a boundary from a less 
phototactically stimulating area inte one that is more so, but will 
not do the reverse. Manten constructed an optical apparatus which 
enabled him to have two adjacent areas in a microscope field that 
could be controlled with respect to wave length and intensity. The two 
areas were illuminated by beams from two prisrns cemented together 
with a thin layer of Canada balsam in such a fashion that no evidence 
of a double boundary could be established. One area was set as a stand- 
ard at a given wave length region, and at each wave length the intensity 
of the second area required to give uniform distribution of the bac- 
teria across the two areas was determined, that is, it was determined 
which intensity of the second area was phototactically equivalent to 
the first one. 

Manten concluded that bacteriochlorophyll was responsible for most 
of the response, with a secondary contribution by carotenoids. Man- 
ten’s results also give an action spectrum for photosynthesis in this 
organism. Manten thinks that the phototactic response in Rhodospiril- 
lum rubrum is correlated with the photosynthetic rate. Would his 
method have distinguished between responses dependent or independ- 
ent of photosynthetic rate? 


THE WORK OF CLAYTON 


Since Manten’s action spectrum did not indicate participation of 
the predominant carotenoid, spirilloxanthin, Clayton (1935a) de- 
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cided to repeat this work with light of greater spectral purity. He 
also repeated the work of Schrammeck. He constructed a monochro- 
mator yielding a half-width of 5 to 7.5 my and used a phototube with 
AC amplification to measure intensity. Above 570 my. this action spec- 
trum agreed with Manten, showing characteristic bacteriochlorophyll 
maxima at 590 and 870 my. Below 570 my there were some differ- 
ences, making it more likely that spirilloxanthin participates as well 
as carotenoids present in small quantities. The scarcer carotenoids were 
still more active in proportion to their concentration in Rhodospwil- 
lum, however. Manten used a different strain of R. rubrum from Clay- 
ton. At 15 fc., Wolken and Shin (1958) have obtained an action spec- 
trum for R. rubrum with maxima at 420, 465, 490 and 530 mp 

Differences in action spectra for phototaxis in Rhodospirillum rub- 
rum obtained by different investigators prove to be due to a difference 
in the behavior of young and old cultures which is correlated with 
changes in the pigments present (Goodwin and Sissins, 1955). When 
mature, R. rubrum cultures synthesize almost exclusively spirilloxan- 
thin. 


Thomas and Nijenhuis (1950) noted that the saturating light in- 
tensities for photosynthesis and phototaxis in R. rubrum were equal 
and varied in the same manner under the influence of cyanide and 
urethane. This study was not carried to fully saturating light inten- 
sities. Clayton (1953b) made simultaneous determinations of the 
saturating light intensities for phototaxis and photosynthesis in R. 
rubrum which he observed to be generally unequal. The ratio varied 
widely under different environmental conditions. Clayton established 
that the saturating intensity for phototaxis is markedly influenced by 
the nature of the photosynthetic substrate. This finding is in accord 
with Manten’s hypothesis that phototaxis and photosynthesis are closely 
related in this organism but suggests that the phototactic response does 
not depend on a change in the photosynthetic steady-state. Clayton 
felt that the data could be accounted for by a transient disturbance 
or fluctuation in the photosynthetic process which must reach a thresh- 
old value to evoke a response. Such a transient effect could occur at 
higher intensities than that which corresponds to saturation for photo- 
synthesis, as based on measurements of the steady state. 

In a study of the effect of drugs, Clayton (1955) found that methy- 
lene blue inhibited phototaxis at 0.2 x 10°’ M., tetrazolium had no ef- 
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fect at 0.2 x 10° M. but inhibited at 1 x 10°’ M., and dinitrophenol had 
no effect at 0.5 x 10° M. but a slight effect. at 1.0 x 10° M. 

It is assumed that, through the pigment system, a decrease in light 
intensity leads to a suitable (perhaps electric) stimulus for an irritable 
system, the excitation of which leads to a phototactic response (Clay- 
ton, 1953c). Separation of photoreceptive system and primary irritable 
mechanism is indicated by the existence of a chemotactic response 
elicited by oxygen in particular. Clayton suggested that there was an 
apparent duality of mechanism between phototaxis of purple bacteria 
and algae, arising from a difference in the mechanism of photosyn- 
thesis, with algal phototaxis bearing a closer similarity to the visual 
process of vertebrates. This generalization would seem to be partly 
based upon the incorrect assumption that the algal response is always 
carotenoid dependent. 


PHOTOTAXIS IN ACHLOROPHYLLOUS ORGANISMS 
ALGAE 


Rothert (1901, p. 372) observed phototaxis in colorless Chlamy- 
domonas multifilis, Buder (1917), in studies on Polytoma and Polyto- 


mella, found that only forms with eye-spots were light-sensitive. 
Shettles (1937) studied phototaxis in the colorless, eyespotless, non- 
orienting flagellate, Peranema (Euglenales). Peranema responds only 
to rapid increases in light intensity. The entire organism is sensitive 
to light, but the flagellum is most sensitive, the posterior end least 
sensitive. 

Pringsheim (1937) cites as reasons for thinking that the stigma is 
the light-perceiving organ in phototaxis: 4) action spectra maxima 
agree with the absorption of stigma pigments, 4) forms lacking a 
stigma are not phototactic. Neither of these statements holds true 
for all phototactic organisms. He cites as one example of 5), colorless 
unicellular members of the Volvocales, in which species lacking a 
stigma do not respond phototactically, while those with a stigma do. 
As an exception to 6), he mentions Chilomonas which is phototactic 
without a stigma. 


Géssel (1957) used 15 interference filters with maxima from 389 
to 533 my to obtain action spectra for phototaxis in achlorophyllous 
strains of Euglena gracilis. In E. gracilis vat. bacillaris with both photo- 
receptor and stigma (see Fig. 4), negative phototaxis only was ob- 
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served, with a maximum at 410 my. In E. gracilis var. bacillaris PBZ- 
G4, which has a photoreceptor but no stigma, both positive and nega- 
tive phototaxis were observed. The action spectra for both positive 
and negative phototaxis in this strain had maxima at 410 my, but 


Ss 


Fig. 4. Front end of Euglena gracilis cell 
showing stigma (S), photoreceptor (P) and 
flagellum (F.). (After Géssel, 1957). 


the secondary maxima did not coincide. Astasia longa, lacking both 
photoreceptor and stigma, was not phototactic under any conditions 
tested. Géssel concluded that the stigma is not involved in negative 
phototaxis and that positive phototaxis is due to a periodic darkening 
of the stigma by the eye-spot. Binning and Tazawa (1957) agree 
with these conclusions. 

Phototactic behavior has been observed in the swarmers of the 
following fungi: Synchytrium taraxaci (Fischer, 1882), chytrids 
(Rothert 1901, p. 371), Chytridium vorax and Polyphagus Euglenae 
(Strasburger, 1878), Phizophidium pollinis (Miller, 1911). Other 
than these few examples, no attempt will be made to cover phototaxis 
in fungi in this review. 


AMOEBAE 
The first observations of the shock reaction of movement cessation 
due to a large, sudden increase in light intensity were made by Engel- 
mann (1879b) on Amoeba. He noted that if the intensity was in- 
creased gradually, movement would continue. Mast (1910) held that 
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the movement-stopping response was due to the rate of change in 
light intensity. The shock reaction varies from a momentary retarda- 
tion in streaming in a localized region in a pseudopod to total cessation 
of movement with reversal in direction of streaming on recovery 
(Mast, 1941). 

Harrington and Leaming (1900) established that shorter wave- 
lengths of light were most effective in producing negative phototaxis. 
Most of the work on amoebae is concerned with negative phototaxis; 
however, Schaeffer (1917) had some evidence for positive phototaxis 
in very weak light. Feeding amoebae are not phototactic (Folger, 
1925). 

Davenport (1897) observed that Amoeba proteus orients in a light 
beam. In unilaterally illuminated amoebae the pseudopods develop 
more freely on the shaded side, which results in gradual turning from 
the light. Localized illumination causes, by its gelating effect, an in- 
crease in thickness and in the elastic strength of the plasmagel in the 
region illuminated. This effect is not transmitted to other regions, and 
there are no impulses produced, but the effect of localized gelation 
and the consequent contraction are transmitted, resulting in coordinated 
action, according to Mast (1932b). 


' SHOCK RESPONSE AND RECOVERY IN AMOEBAE 


Folger (1925) designated the period from the beginning of illumi- 
nation to response as “reaction time,” the time that illumination must 
continue as “stimulation period”, the time stimulation need not con- 
tinue as “latent period”. As intensity increases, the latent period in- 
creases rapidly from 1 second at 500 mc. to a maximum of 6 
seconds at 1000 mc., then decreases gradually to 0.75 second at 11,000 
mc. He concluded that two processes are involved, the first occurring 
only in light, the second in light or in dark; and that the action of 
light probably results in the formation of a substance which induces 
the response. Folger (1927) thought that cessation of movement in 
amoebae resulting from mechanical stimulation involves the same pro- 
cesses as cessation produced by an increase in illumination. Therefore, 
the latter could not be due to photochemical changes, since the former 
could not cause photochemical changes. 

After an amoeba responds to a rapid increase in illumination, some 
time must elapse before it will respond again to the same increase. 
This is the “refractory period.” Recovery consists of two phases: the 
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first (1-2 min.) takes place regardless of a change in light intensity, 
the second (10-20 sec.) proceeds only if the intensity is decreased 
(Folger, 1925). Mast (1941) felt that recovery from high intensity 
shock indicates that an increase in light intensity induces changes 
which internal factors in the organism continuously tend to oppose 
and eliminate. If this is true, the more rapidly a given amount of en- 
ergy is received, the less time there is for recovery and consequently 
the greater will be the effect of a given quantity of light. This might 
account for the increase in the amount of energy required for a shock 
response with a decrease in intensity in weak light but does not ac- 
count for the increase in the amount of energy required with an in- 
crease in intensity in strong light. 


EFFECTS OF ENVIRONMENT AND ADAPTATION IN AMOEBAE 


The quantity of light energy required to induce cessation of move- 
ment was found to depend on the chemical composition of the sur- 
rounding medium (Mast and Hulpieu, 1930). In general, the quantity 
of energy required varied directly with the viscosity of the cytoplasm. 

There is no fixed threshold of response. Mast (1941) felt that varia- 
tion in the amount of energy required to induce cessation of move- 
ment is due, at least in part, to adaptation. Mast and Stahler (1937) 
observed that dark-adapted amoebae, when exposed to light, gradually 
increase their rate of locomotion to a maximum and then remain at 
this level. The time required to reach this maximum level decreases 
from 15 minutes at 225 mc. to a minimum of 7 minutes at 15,000 
mce., then increases to 30 minutes at 40,000 mc. The maximum rate of 
locomotion increases from 130 »/min. at 50 mc. to 220 p/min. at 
15,000 mc., then decreases 150 p/min. at 40,000 mc. The increase in 
rate of locomotion with increase in light intensity is due to the action 
of longer wave lengths. Mast and Stahler felt that the effects were 
probably caused by changes in the rate of sol-gel and gel-sol trans- 
formations, in which case, both of these transformations would have 
to be augmented by longer wave lengths and retarded by shorter 
wave lengths. 


EFFECTS OF REPRODUCTIVE PROCESSES ON PHOTOTAXIS 


Borzi (1883, quoted in Pfeffer 1903, p. 324) already observed 
that the gametes of Enteromorpha compressa \ost their phototactic ir- 
ritability on copulation. Carter (1926), in her studies on the Ulvaceae, 
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found that the positive phototaxis of gametes changes to negative 
phototaxis on fusion. This has been further studied by Miyake and 
Kuneida (1931) and by Kylin (1930). Féyn (1929) obtained similar 
results with Cladophora and Ulva. In Enteromorpha intentinalis, Kylin 
found (1930, p. 460) that freshly discharged zoospores were usually 
positively phototactic, but occasionally negatively phototactic. Com- 
monly, the positively phototactic zoospores become negatively photo- 
tactic after 30-40 minutes. The negatively phototactic spores are the 
first to attach. Smith (1946) reported that reversal of phototaxis on 
initiation of gametic fusion makes it easy to locate fusing paris of 
Chlamydomonas gametes when gametes of opposite sex are mixed. 
Fritsch (1935) stated that isogametes commonly change from positive 
to negative phototaxis on fusion. 

Mainx (1931) assembled several reports on the phototactic be- 
havior of isogametes, showing that they may change from positive to 
negative phototaxis before or after copulation. He showed that sexual 
colonies of Volvox aureus change from strong positive to strong nega- 
tive phototaxis during odgenesis and that the sign of phototaxis changes 
on copulation of the gametes of Hydrodictyon utriculatum. As soon as 
eggs become visible in V. aureus colonies, the inflection intensity 
(transition from positive to negative phototaxis) moves rapidly to 
lower light intensities. If sexual reproduction does not occur, photo- 
tactic sensitivity is lost as the culture degenerates. Colonies with 
ripening “parthenospores” are always strongly negatively phototactic, 
the threshold and point of inflection coinciding! 

Bendix (1957) reported that the cells of Miécrasterias rotata var. 
evoluta lose most of their phototactic response shortly before division 
and do not regain it until reorganization of the daughter cells is com- 
plete (see Fig. 5). Normal phototactic sensitivity is not regained until 
some hours after cellular reorganization can be visually judged to 
be complete. This suggested that in this organism either both photo- 
taxis and division are dependent upon a limited common energy 
source which is sufficient for only one of these processes at a time or 
that phototaxis and division use a common precursor which prefer- 
entially goes to the division mechanism during division. 


EFFECTS OF ENVIRONMENTAL FACTORS ON PHOTOTAXIS 


Strasburger (1878) observed that environmental factors influenced 
phototactic response: any increase in temperature, without a change 
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in intensity of illumination, tended to produce a positive phototactic 
response; a decrease in temperature tended to produce a negative 
response (work on Euglena). Mast (1911) noted that strongly posi- 
tive Euglena specimens, in a beam of constant light intensity, become 
less active as the temperature decreases, come to rest at 10° C., be- 
come more active under further decrease, with a maximum at 5° C., 
at which temperature they are as strongly negatively phototactic as they 
were previously positive. 

Mast (1918) studied the effects of chemicals on phototaxis in the 
colonial form Spondylomorum quaternarium. Negative specimens be- 
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Fig. 5. Loss of phototactic sensitivity by dividing Micrasterias cells. 

a. Position of a group of cells containing five cells undergoing nuclear 
division after six hours photic stimulation. Attached pairs of daughter cells 
have not moved as far as non-dividing cells. 440 mu. 

b. Cells from ‘a’ after 11 hours. Separated daughter cells still show very 
little response and are more poorly oriented than non-recently divided cells. 

c. Position of a group of cells containing two pairs of cells which have 
undergone caryokinesis and cytokinesis and have formed about % of their 
new semicells. After 9 hours the recently divided cells still have not moved. 
690 mu. 

Open circles = undivided cells, solid circles = daughter cells of recent 
divisions, lines through circles = orientation of transverse axes of cells, wavy 
outlines = starting position of group of cells. 


came strongly positive on addition of chloroform, ether, chloral hydrate 
or acids. All inorganic and organic acids tested were found to have 
no effect on positive phototaxis. Formalin, sugar, oxygen, hydrogen 
peroxide, MgSO,, CaCl, KNO; had no influence. Burkholder (1933) 
found normal phototactic movement in Oscillatoria in the pH range 
6.4 — 9.5. Movement was hindered outside this range. 
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Mainx (1929) conducted an extensive study of phototaxis in a 
number of algae. He studied the effects of the following agents on 
phototaxis: pH, oxygen tension, temperature, anaesthetics, alcohols, 
Osmotic pressure, previous light exposure, etc. He found that condi- 
tions which lower the threshold of positive phototaxis raise the energy 
level at which the transition from positive to negative phototaxis takes 
place. The full effect of changes in external factors lasted more than 
two hours after removal from the stimulus, and the cells adapted back 
to their original values in one or two days. Light pretreatments had to 
be longer than others for effect, and the return to equilibrium sensi- 
tivity was also slower. Mainx felt that this indicated a qualitative dif- 
ference in the action of light as compared to the other stimuli. He 
also found that addition of ferrous sulfate produced strong positive 
phototaxis in non-reactive old cultures of Eadorina elegans and Volvox 
aureus. This may have been due to the low iron content of culture 
media at that time compared to modern media with chelating agents 
holding optimal amounts of iron in solution. Unfortunately, he did 
not have equipment for determining light intensities and reported 
only distances from light sources. We can judge, however, that the 
threshold values he obtained were quite low, since he reports thresholds 
as far as six meters from a 0.5 watt source behind a frosted diffusing 
glass! 

Halldal (1956, 1957) studied phototaxis in Platymonas subcordi- 
formis and other motile green algae and dinoflagellates in which ir- 
regular positive and negative phototactic behavior at a given light 
intensity proved to be partially correlated with the concentration of 
calcium and magnesium ions in the medium. Movement was relatively 
independent of oxygen and carbon dioxide tension. In experiments 
with different ratios of calcium chloride to magnesium chloride in 
the medium, he found positive phototaxis when Ca/Mg was less than 
1:6; random motion at 1:6; and negative phototaxis at Ca/Mg ratios 
greater than 1:6. It is possible that Kleb’s (1896) observations that 
phototaxis in the microspores of Ulothrix zonata was strongly in- 
fluenced by the composition of the medium were related to a similar 
phenomenon. 


DIURNAL PHOTOTACTIC VARIATION 


Diurnal variations in the phototactic behavior of Euglena were re- 
ported by Bracher (1919, 1937), Pohl (1948) and Bruce and Pitten- 
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drigh (1956). Bracher (1919) observed that the shore form Euglena 
deses moves most rapidly at 15° C. and becomes sluggish at tempera- 
tures below 5° C. or above 25° C. Euglena deses burrows below the 
surface of the mud when the light intensity falls below a critical value. 
Under ordinary daylight, it lives on the mud surface, but at the ap- 
proach of high tide it burrows. The tidal rhythm of emergence and 
burrowing persists three days in the laboratory (1937). In daylight, 
a minimum of 33 to 40 fc. is required to maintain the organisms 
on the mud surface. Under artificial light, higher intensities are re- 
quired to bring them to the surface, due to deficiency in the blue 
end of the spectrum. Using Wratten filters, the region 420 to 460 
my. was determined to be most effective, and no response was ob- 
served in the red. A Weston photo-electric cell was used for the 
energy measurements. Bracher concluded that the phototactic response 
in Euglena deses was influenced by the number of organisms per unit 
area, temperature, water content of the mud, time of day and by tide. 

Pohl (1948) observed an endogenous diurnal variation in the photo- 
tactic behavior of Euglena gracilis. Bruce and Pittendrigh (1956) have 
recently extended this work. They measured phototaxis by sending a 
light beam through an algal suspension in a carrell flask, so that the 
beam intercepted about 22% of the culture volume. The entire cul- 
ture was illuminated with a 4-watt fluorescent tube. The beam of 
light served as a “light-trap” for phototactic cells. The beam fell upon 
a photocell connected to an automatic recording system which regis- 
tered the decrease in light transmitted by the culture as organisms 
accumulated in the beam. The beam was on one-half hour in two hours. 

Their results showed that Ezglena cells became phototactically in- 
active when exposed to continuous dark; that the phototactic rhythm 
persisted for a while in the dark but did not persist in continuous 
light; that persistence of the phototactic rhythm in the dark was de- 
pendent upon the cells receiving sufficient photosynthetic energy from 
the test light; that from 17 — 33° C. rhythm persistence in the dark 
is temperature-independent; and that the diurnal rhythm persists even 
when cells are growing so rapidly that they divide more frequently 
than once every 24 hours. 


An arhythmic population can be made rhythmic by a single light 
stimulus. They are not certain that this stimulus initiates rhythms in 
cells or establishes synchrony in a population of rhythms with random- 
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ly distributed phrases. This problem illustrates the difficulty in dealing 
with cell populations rather thar: individual cells. 

Bruce and Pittendrigh suggested that the Evglena rhythm possesses 
certain features characteristic of a class of periodic phenomena known 
in physics as self-sustained relaxation oscillations. (Pittendrigh and 
Bruce, 1957). 

Fauré-Fremiet studied the natural tidal rhythms of several sand- 
dwelling microorganisms. In Chromulina psammobia he found positive 
phototaxis and a tendency to disperse during low tide; negative photo- 
taxis and positive thigmotaxis at high tide, producing a tendency to 
go into the sand (1950). The phorotactic rhythm was maintained in 
the laboratory for eight days. The period was a little over 24 hours. 
He felt that the difficulty of experimental modification of the re- 
sponses indicated the presence of an endogenous physiological rhythm. 
The response was not affected by LiCl, KCl, NaCl, MgClo, nitrates, 
acetates, duponol, increase in COs, etc. A similar tidal-phototactic 
rhythm was observed in the diatom Hantzschia amphioxys (1951). 
Fauré-Fremiet (1948) also observed positive phototaxis in Strombi- 
dium oculatum due to a symbiotic green alga (not Chlorella). Photo- 


tactic control of diurnal vertical migration in marine dinoflagellates 
is discussed in Hasle (1950). 


OTHER RECENT WORK ON ALGAE 


Brucker (1954) studied phototactic behavior in Lepocinclis texta 
which he found to be positively phototactic, even at high light inten- 
sities. Organisms dark-adapted through 40 hours darkness had a thresh- 
old at 0.4— 1.3 mc, while organisms light-adapted from daylight 
or artificial light over 50 lux, had a threshold at 20 — 21 me, ie., de- 
creased sensitivity. This difference was shown not to be a true photo- 
tactic light adaptation but a difference due to the difference in the 
carbonic acid concentration in the medium with cells in different light- 
dependent physiological states. “Dark-adapted” cells thresholded at 20 
mc. when the carbonic acid concentration of the medium was artificially 
increased. 

Mayer and Poljakoff-Mayber (1957) reported that Chlamydomonas 
moewussi# is not phototactic (five other species of Chlamydomonas 
are), but CO.-tactic. The chemotactic response was influenced by light 
intensity. 

Millot (1957, p. 19) has recently stated that “ .. . there is still 
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some doubt as to whether the light absorbed by the eye-spot pigment 
is directly concerned in excitation, or whether the pigment acts as 
a light filter for the real receptive area, which is ill defined”. Hart- 
shorne (1953) thought that there is good reason to believe that the 
eye-spots of Euglenophycophyta and Chlorophycophyta are structurally 
and functionally different. In the Euglenophycophyta the eye-spot con- 
sists of an irregular mass of pigment granules. In the Chlorophycophyta 
the eye-spot has a definite outline and appears to be more homo- 
geneous. In Euglena the eye-spot is adjacent to the base of the flagel- 
lum. This is generally not so in the Chlorophycophyta where position 
is variable, even within a single genus. 

Hartshorne studied phototaxis in an eye-spotless mutant of Chlamy- 
domonas reinhardi produced by ultra-violet irradiation. He found 
that lack of the eye-spot was not associated with complete insensitivity 
to light, although the eye-spotless mutant reacted with much less 
uniformity and precision than the wild type. Perception of light is 
therefore not restricted to the eye-spot. It seems that the relative light 
sensitivity of eye-spot and cytoplasm varies from organism to organism. 

Bendix (1957) studied phototaxis in the unicellular desmid Micras- 
terias rotata var. evoluta which is particularly favorable experimental 
material, since it is highly pigmented (100 cells suffice for spectro- 
photometric determination of pigments) and easy to observe because 
of large size (275 yw in diameter) and low velocity (3 mm./hr. maxi- 
mum). Cells placed in the beam dispersed by a large prism clearly 
showed two separate phototactic responses, one in the plane of the 
beam (PN response) and one perpendicular to the beam (L response ). 
The L response is uni-directional, causing cells to move out of the long 
wave length end of the visible spectrum but no farther than 570 mu. 
It was observed in a range of intensities from an irradiance too low 
to support division to an irradiance high enough to irreversibly inhibit 
division. This response was independent of the direction of the energy 
gradient across the region in which it was observed and was not cor- 
related with the red chlorophyll absorption peak. 

As intensity increases, the PN response goes to a positive maximum 
and back to zero to a null response region, goes to a negative maximum 
and again returns to zero. The threshold of the positive PN response 
in white light is a little below 2 fc., in monochromatic light goes as 
low as 5x 10 pw/cm? at 690 my (approximately 1.5 x 10° quanta/ 
sec./cell). The positive PN response saturates in white light between 
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2 and 6 fc., in monochromatic light at as low an irradiance as 5 x 10° 
uw/cm? (690 my). The action spectrum for this response obtained 
with a monochromator indicated that chlorophyll 4 and probably an- 
other, as yet unidentified, chlorophyll act as the photoreceptors. The 
positive PN response is lost at 100-5000 pw/cm.’. 


Micrasterias cells orient during both positive and negative photo- 
tactic movements so that the longitudinal axis (see Figs. 1, 6) is 
parallel to the stimulating light beam. The orientation mechanism can 
be selectively destroyed without affecting movement. 






































Fig. 6. Change in orientation of Micrasterias 
cells with change in direction of incident light 
from monochromator. Cells rotated 90° in beam 
three times. 690 mp, 16 uw. /cm.?. 


THE WORK OF HALLDAL 


Halldal (1958) distinguishes between “phobo-phototaxis” = shock 
reaction causing accumulation in a light spot, and “topo-phototaxis” 
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= active orientation in relation to light source as well as movement 
toward or away from it. He determined topo-phototactic action spectra 
for five species of Volvocales, gametes of two Ulva species, and three 
members of the Dinophyceae. 

Two methods were employed in determination of these action 
spectra. A modification of Manten’s method (Manten, 1948), in 
which algae were placed between two opposed beams: a reference 
beam of constant intensity and wave-length, and a variable wave 
length exciting beam (in the range 10-800 ergs/cm? sec.), which 
could be adjusted in intensity until the cells swam toward neither light 
source. In the second method, a spectrum with an intensity gradient 
perpendicular to the wave-length scale was projected on one side of 
an algae-containing vessel, the other side of which was illuminated 
with light uniform in wave length and intensity. Algae then collected 
on the side of the vessel where the projected spectrum was more 
effective than the reference beam. The action spectrum was obtained 
by measuring energy and wave length along the boundary of the col- 
lection area. The projected spectrum with an intensity gradient was 
obtained with a V-shaped slit and a photographic wedge. 

A number of check experiments were run in which both intensity 
and wave length of the reference beam were varied in order to test 
the representative nature of a curve based on any given reference 
beam value. The action spectra values proved to be independent of 
the wave length and intensity of the reference beam. This was taken 
to indicate that determinations were being made below the saturating 
intensity for phototaxis in these organisms. 

Halldal concluded that two, possibly three, pigments were involved 
in phototaxis in the organisms which he studied. The members of 
the Volvocales and the Ulva-gametes had the same action spectra 
(maximum at 493 my, small shoulder at 435 my); Goniolax catenella 
and Peridinium trochoideum had curves similar but not identical to 
this group (maximum at 475 my, small shoulder at 435 my). Pro- 
rocentrum micans gave a maximum at 570 my. Action spectra for 
positive and negative phototaxis were the same in the Volvocales. 
Absorption spectra of living suspensions of the Volvocales and Dino- 
phyceae did not indicate the presence of any pigment corresponding 
to the phototactic action spectra. The same major fat-soluble pigments 
were present in both Peridineum and Prorocentrum. None of the ac- 
tive pigments has been successfully isolated. 
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Halldal concluded that the photosensitive spot for topo-phototaxis 
was at or near the flagellar base, but that it was not the stigma nor 
any organ connected to it. The stigma, when present, is assumed to 
act only as an auxiliary body, which on some occasions will improve 
the precision of the movement. 


PHOTOTACTIC MOVEMENTS OF CHLOROPLASTS 


Phototaxis has been observed in higher plants as a movement of 
chloroplasts or effects on cyclosis. The chloroplasts of certain algae also 
exhibit phototactic movements. Until recently, this phenomenon has 
mainly been studied in mosses and waterplants, among higher plants, 
since this material is particularly favorable for the necessary observa- 
tions. 


Béhm (1856) was the first to notice that the position of chloroplasts 
in the cell is light-dependent. He studied chloroplast movements in 
over 100 species of Crassulaceae and later in some members of the 
Saxifragaceae. Famintzin (1867b) observed the movements of chloro- 
plasts in the leaves of the moss, Mniwvm, and found that yellow light 


gives the same effect as darkness and that blue gives the ‘daylight’ 
arrangement of chloroplasts. Frank (1872) studied the effect of light 
on chloroplasts and concluded that red light had the same effect as 
darkness. Stahl (1880a), using Lemna trisulca, came to the same con- 
clusion. DeBary and Strasburger (1877) found that light caused 
movements of the chloroplasts in Acetabularia. The early work on 
phototaxis in chloroplasts is summarized in Pringsheim (1912). 


CHLOROPLAST MOVEMENTS IN 
Moxgeotia* 


In the saccoderm desmid, Mowgeotia, Stahl (1880a, 1880b) found 
that the cell as a whole oriented in the light, but that the nucleus, 
which is centrally imbedded in the chloroplast, did not show prefer- 
ential orientation in the light beam. Observing the movements of the 
plate-shaped chloroplast of M. scalaris he concluded: a) that in diffuse 
light the plane of the chloroplast was at right angles to the incident 
beam; 5) that in sunlight the edge of the chloroplast was towards the 
source. Moore, who reviewed the early work on phototactic chloroplast 
movements and performed extensive experiments himself (1888a), 


4Known as Mesocarpus in the nineteenth century. 
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also worked on Mougeotia (1888b). He found that if a chloroplast was 
placed so as to receive diffuse light from two sources at 90°, then: 

a) if the chloroplast was originally perpendicular to the stronger 
beam, it remained in this position; 

b) if the chloroplast was originally parallel to the stronger beam, 
it rotated so as to become perpendicular to it. 

c) if the relative intensities of the two beams were interchanged, 
the chloroplast rotated 90°. 

The chloroplast changed shape and became at least partially periph- 
eral in full sun. Moore concluded that the position of the chloroplast 
depended on light intensity in the following manner: 

a) diffuse light = perpendicular to beam, 
b) weak sun = parallel to beam, 
c) full sun = parastrophe. 


Lewis (1898) made a series of observations to determine the effect 
of duration of the light stimulus on chloroplast movements in Moz- 
geotia. He studied the effect of diffuse light on turning the chloroplasts 
from vertical to horizontal and the effect of strong sunlight on turn- 
ing the chloroplast from horizontal to vertical. In the latter case he 


found 90 sec. illumination necessary for full 90° rotation in the sub- 
sequent dark period. Diffuse light reactions were normal in hydrogen, 
but carbon dioxide stopped all movement. 


EXPERIMENTS WITH FILTERED LIGHT 


Senn (1908) studied chloroplast movements in Phaseolus and other 
plants, concluding that only blue causes parastrophe (see Table IV 
for definitions of terms relating to chloroplast placement) and that 
red slowly induces apostrophe. Mougeotia was an exception, paras- 
trophe being brought about by blue and epistrophe by red. 

Linsbauer and Abramowicz (1909), using light filtered through 
K.Cr.O; and (Cu(NH3)4) (OH) 2, came to the conclusion that the 
apostrophe-epistrophe reaction was phototactic, but that the epistrophe- 
apostrophe reaction was associated with the assimilation of carbon 
dioxide. Nothmann-Zuckerkandle (1915), investigating the effects 
of colored light on protoplasmic movements in Elodea canadensis, 
found streaming most pronounced under the influence of red light 
and slowest in violet. 

Voerkel (1934) obtained quantitative data on the influence of 
color and intensity of light on the transposition of chloroplasts in cells 
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of Funaria hygrometrica. He found that the apostrophe-epistrophe re- 
action at constant intensity was elicited most efficiently by blue light. 
The effects of various colors of light were in the following ratio: 
blue 270 : yellow-blue 52 : yellow-green 1. Very intense red did not 
induce epistrophe. He could not induce parastrophe with even very 
high intensity visible light and thought that only long ultraviolet 
could do it. The influence of blue on apostrophe-epistrophe was con- 
nected with carotenes. 


THE WORK OF ZURZYCKA AND ZURZYCKI 
Zurzycka and Zurzycki have in recent years carefully investigated 
phototaxis of chloroplasts in higher plants. They (1953, p. 675) state 


TABLE IV 
Terms RELATING TO CHLOROPLAST POSITION IN THE CELL 





Chloroplast Position in the Orientation of | Corresponding 
condition cell chloroplasts light 

with respect condition 

to incident 

beam 


apostrophe | against internal parallel darkness 
cell walls 


epistrophe = against walls per- perpendicular dispersed 
pendicular to inci- light 
dent light beam 


parastrophe against walls per- parallel direct sun or 
pendicular to leaf very strong 
surface or parallel artificial 
to incident light light 
beam 





that “It appears that light is the main and in normal conditions almost 
the only factor causing tactic chloroplast movements. Other stimuli 
cause these movements only exceptionally.” They (1950) studied the 
influence of temperature on the phortotactic movements of chloroplasts. 
The rapidity of the epistrophe-parastrophe movement depends on tem- 
perature in accord with the Van't Hoff Law, with a coefficient of 1.26. 
The Van’t Hoff coefficient for the epistrophe-apostrophe reaction is 
1.47. The apostrophe-epistrophe and parastrophe-epistrophe reactions 
show no marked dependence on temperature. 
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Protoplasmic viscosity has a marked influence on the velocity of 
chloroplasts in epistrophe, but in apostrophe the movement is inde- 
pendent of viscosity (Zurzycka and Zursycki, 1951). 


ACTION SPECTRA FOR CHLOROPLAST PHOTOTAXIS 


Zurzycka (1951) investigated the reactions of chloroplasts in Lemna 
trisulca to color and intensity of light. She found epistrophe in high 
intensity and apostrophe in the dark. As sources she used an Osram 
35 w. 12 v. lamp and a 250 w. 125 v. Ostram projection lamp. In the 
absence of a monochromator, six narrow transmission band Fuess gela- 
tin filters were used. Copper sulfate solutions served as infrared filters. 
Light intensity was determined with a thermopile and galvanometer. 

The results obtained by Zurzycka agree with those of Voerkel on 
the relative effects of blue and red on the epistrophe-apostrophe reac- 
tion, but the epistrophe-parastrophe reaction in Lemna trisulca seemed 
to be different from that in Fanaria. She found two maxima for this 
effect, at 600+ my and 500— my, and thought that Voerkel’s results 
may have been due to the nature of his experimental setup. Her 
general conclusions were that the apostrophe-epistrophe reaction is 
due to carotenes or xanthophylls and that the epistrophe-parastrophe 
reaction is a negative phototaxis correlated with chlorophyll absorp- 
tion. She went even further and suggested that these data are evi- 
dence that “The direction of the maximal absorption by chlorophyll 
must therefore be perpendicular to the direction of maximum absorp- 
tion by carotenoids”. This conclusion seems unwarranted. 

Discrepancies in the results obtained with red light by various ex- 
perimenters have been resolved by Babushkin (1955b) who showed 
that the effect is produced not by red but by infrared which was not 
adequately filtered out in some experiments. Zurzycka obtained a “red” 
effect, using a 3% CuSO, solution as an infrared filter. Babushkin 
found that 6% CuSO, transmitted sufficient infrared to produce the 
effect but that 6% CuSO, + infrared opaque glass eliminated all 
chloroplast movement in red light. This was confirmed by production 
of chloroplast movements with an incandescent source and an RG-8 
filter which transmits only infrared (not “phototaxis”, since this term 
refers to movements produced by visible light). Phototaxis in chloro- 
plasts is therefore caused only by blue light. 

Babushkin (1955b) obtained action spectra for chloroplast photo- 
taxis, using a prism-produced spectrum and a microspectrograph with 
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500-750 watt projection lamps as sources. The wave-length scale was 
checked with the mercury lines 404-7 and 436 my. Thin, fluorescent 
light-grown leaves were used. Before an experiment plants were kept 
in the dark two days. 

Where chloroplasts move to front cell walls, a leaf looks less trans- 
parent. This permitted the development of a contact print method in 
which a 20x40 mm. leaf piece, upon which a spectrum had been 
projected, was placed on photographic paper and illuminated. The 
paper was developed so as to accentuate the contrast. Light intensity 
was regulated so that where chloroplasts were in epistrophe, no light 
was transmitted and the paper was white; where the chloroplasts re- 
mained in apostrophe, the paper was dark. 
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Fig. 7. Action spectrum for chloroplast phototaxis 


in tobacco. Vertical units = ergs /cm.’sec. (Bab- 
ushkin, 1955a). 


The action spectrum he obtained (Figure 7) had five maxima: 
420, 430, 450, 462 and 477 my (all + 2-5 mp). The broadest maxi- 
mum was at'450 my (440-455 my). Some maxima were believed 
probably to be compound. The action spectrum is corrected for energy 
differences across the spectrum. The action spectrum indicated par- 
ticipation of chlorophylls and several carotenoids. The main maxima 
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are due to violaxanthin (420 my) and chlorophyll 4 (430 my). The 
entire chloroplast pigment complex seems to participate in the response. 


ADAPTATION TO LIGHT INTENSITY 


Zurzycka and Zurzycki (1954) examined the effects of a gradual 
change in light intensity to determine whether phototactic effects were 
due to shock reactions from sudden intensity changes. They found 
that the final positions (epistrophe, parastrophe) were the same, 
whether the change in intensity was sudden or gradual, and that the 
course of the phototactic reaction did not depend on the time the 
previous intensity lasted. 

Since 1952 Babushkin (1955a, 1955b, 1955c) has engaged in an 
intensive study of the effect of light intensity on phototaxis in chloro- 
plasts, primarily working with tobacco. Observations were made with 
a microscope mounted over a thermostatically controlled chamber with 
a window equipped to take filters. The source was a mercury vapor 
lamp (EGAR-2) from which the 436 my. line was isolated with a 
filter and passed through a collimator. Light intensity in the chamber 
was controlled by either or both, varying the source-chamber distance 
and neutral filters. In some experiments “light wedges” were used 
which produced a continuous gradient in light intensity. 

Two wedges were employed, one transmitting 16-68%, the other 
68-83% of the incident light. In each experiment intensity measure- 
ments were made on the beam falling on the wedge, then the loca- 
tion of the desired chloroplast condition with respect to the wedge 
produced gradient was determined. 

Phototactic behavior of chloroplasts was characterized by determin- 
ing the light intensity at which full epistrophe was attained (1, ) 
and the intensity at which the epistrophe-parastrophe transition began 
to take place (Iz). The method was sensitive to + 5 ergs/cm? sec. for 
I, and + 20 ergs/cm? sec. for Iz. Tobacco was used because the top 
row of palisade cells is easily visible without injury to the leaf. 


TABLE V 
Tue EFFECT OF TEMPERATURE ON CHARACTERISTICS OF CHLOROPLAST PHOTOTAXIS 
iv Topacco. Licht INTENSITIES IN ergs/cm? sec. (Babushkin 1955a). 





: : ee cee 
me : : I, ee Ip 


1 1520 20 ~=1460 22 ~=1400 
2 18 1560 20 ~=1470 26 = 1380 


Exp. 
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Temperature increase in the 10-25°C range causes an increase in 
I, and a decrease in Ip (Table V). A comparison was made between 
plants grown in sunlight and under artificial illumination, in which 
several cell layers were observed. I, and Is were lowest for surface 
cells in fluorescent light grown plants, but lowest for the deepest ob- 
served layer in sunlight-grown plants. The direction of change for 
I, and I, with depth of cell layer was opposite for low (artificial il- 
lumination) and high (sunlight) intensity light grown plants. 

Under conditions of artificial illumination, leaves at different levels 
in a plant are at different distances from the source, and receive dif- 
ferent light intensities; whereas isolated sunlight-grown plants receive 
essentially the same intensity on all leaves, and differences in photo- 
tactic behavior are determined mainly by the age of the leaf. The 
younger the leaf the lower I, and I, under comparable light conditions. 
Under fluorescent light, light intensity is relatively a more important 
factor in determining phototactic behavior than leaf age. 

A study of phototactic behavior of wild plants of the shade-loving 
species Impatiens parviflora and Asarum europaeum indicated that 
the higher the light intensity under which an individual plant grew, 
the greater the interval between I, and I, The more light-loving a 
species was, the greater the interval berween I, and Ip (Table VI). 


TABLE VI 


VaLues OF I,-I1, FoR VARIOUS PLANTs IN ergs/cm? sec. (Babushkin, 1955a) 





h—I 


Asarum europaeum 20 — 176 
Impatiens parviflora 138 — 550 
Majanthemum difolinm => 110 
Convallaria majalis = 274 
Carex caespitosa > 317 
Aspidistra plectogyne 920 
Nicotiana tabacum 945 — 3344* 
Zea mays 1740 — 2160 
Helianthus annuus 2200 — 3410 
Phaseolus vulgaris < 2600 





*extremes of range for different strains 
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CHLOROPLAST PHOTOTAXIS AND METABOLISM 


The effect of phototactic chloroplast movements on photosynthesis 
has been investigated by Zurzycki (1955) and Babushkin (1955c). 
Zurzycki used a micro-technique based on a capillary tube respirometer 
which could be used for measurements of gaseous metabolism in leaves 
several millimeters square or algal filaments several millimeters long, 
with an accuracy of 10° yl. Chloroplast movements were studied in 
Funaria, Lemna, Mougeotia and Spirogyra, the last as control material 
in which the chloroplasts could not move. Changes in chloroplast ar- 
rangement and photosynthesis were correlated at low intensities only. 
At low intensities increase of assimilation area (apostrophe-epistrophe 
and parastrophe-epistrophe reactions) is related to change in photo- 
synthetic rate. As long as the photosynthetic rate increases propor- 
tionally to the light intensity, the chloroplasts are in epistrophe. Full 
parastrophe is reached at the point of photosynthetic light saturation 
(Zurzycki, 1955). 

A strong reduction or complete blocking of photosynthesis by hy- 
droxylamine hydrochloride or sodium azide in Lemna trisulca inhibited 
or stopped entirely those phototactic movements which started with the 
profile chloroplast arrangement (paratrophe-epistrophe, parastrophe- 
apostrophe, apostrophe-epistrophe) and had no effect on phototactic 
movements beginning from the horizontal chloroplast position (epis- 
trophe-parastrophe, epistrophe-apostrophe). Seventy per cent reduc- 
tion in the respiratory rate by berberine sulphate brought no change 
in the phototactic movements (Zurzycki and Zurzycka, 1955). 

Babushkin (1955c) studied photosynthetic behavior manometrically 
and with C'*O,. He used tobacco leaves grown under 2000 lux of 
fluorescent light so that the compensation point would be as low as 
possible. He found that the lower the 1,, the higher the photosynthetic 
rate. When photosynthetic rate was plotted against light intensity, 
marked dips occurred which coincided with the apostrophe-epistrophe 
and epistrophe-parastrophe transitions. C'*O. studies indicated that 
the photosynthetic rate decrease actually takes place first, since it shows 
up on three-minute exposures which are insufficient to cause chloro- 
plast movement. Phenylurethane decreases phototaxis as well as photo- 
synthesis. 

On the basis of his work, Babushkin makes the following statements 
regarding phototaxis. Photosynthesis and phototaxis cease in chloro- 
plasts with the destruction of chlorophyll. The action-spectrum of 
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phototaxis at short wave lengths indicates participation of both chloro- 
phyll and carotenoids. The magnitude of I, correlates with the shape 
of the photosynthetic efficiency curve. Transition periods in chloroplast 
position in the cell correlate with minima in photosynthetic rate curves. 
He concludes that chloroplasts have a single pigment system operat- 
ing in phototaxis and the light phase of photosynthesis. The action- 
spectrum of phototaxis can be explained only by the assumption that 
the products of photoreaction are different for red and blue light. 
Bendix (1957) has also suggested that light absorbed at the two peake 
of chlorophyll absorption is not equally effective in phototaxis (Miécras- 
tertas). 


CLASSIFICATION OF PHOTOTACTIC ORGANISMS 


Engelmann (1882b) classified phototactic organisms into three 
groups (Table VII). In modern terms we would say that phototaxis 
is dependent upon photosynthesis in organisms belonging to Group I 
but independent of it in those belonging to Group III. Paramecium 
bursaria is a special case, since phototaxis in it is presumably induced 
by endozoic Chlorella. 


TABLE VII 
ENGELMANN’S CLASSIFICATION OF PHOTOTACTIC ORGANISMS 





Group Examples Dependence upon oxygen 


I Navicula, Pinnularia Light influences gas exchange only; 
and most other movement stops in dark or under 
diatoms; most fila- artificially produced decrease in 
mentous blue- oxygen tension, due to oxygen 
green algae; cells lack; no shock reaction. 
of higher plants 
with moveable 
chloroplasts. 


Il Paramecium bursaria Change in respiration results from 
change in gas exchange; when oxygen 
adequate, no phototaxis; when oxy- 
gen insufficient, strong phototactic 
sensitivity to Oxygen concentration 
differences. 


Ill Euglena viridis Uninfluenced by oxygen; shock 
reaction present. 
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Luntz (1931a) classified phototactic reactions into “kinetic reac- 
tions” dependent only on the quantity of radiant energy absorbed and 
“orientation reactions” dependent on a change in lateral light intensity. 
Since there is some evidence for photic orientation in all phototactic 
groups of microorganisms other than the purple bacteria and Rhodo- 
phycophyta, and since no organism is yet known which possesses a 
phototactic reaction that bears a quantitative relation with the amount 
of light energy absorbed over a wide range of energy levels, this 
classification seems rather artificial. 

Manten (1948) divided phototactic organisms into two groups: 

GROUP I GROUP II 

Purple bacteria, some blue- Swarmspores, unicellular flagel- 
green algae (Oscillatoria), Para- ates, some colonial green algae. 
mecium bursaria, Except for P. 
bursaria, systematically rather 
primitive organisms. 

1) Lack eye-spots. 1) Possess eye-spots 

2) Do not orient in light beam. 2) Orient in light beam. 

3) Phototaxis correlated with 3) Phototaxis correlated with 

photosynthesis (i.e., chlorophyll(s) carotenoids in eye-spot. Dif- 

characteristic of organism). Move ferences in action spectra for 

laterally in a spectrum. various organisms suggest that 
the carotenoid involved is 
species-dependent. 

4) Relatively high intensity thresh- 4) Respond to very small 

old of response. amounts of light. 

5) No negative phototaxis at high 5) Negative phototaxis at 

intensities. high intensities. 


The following exceptions to this classification can be cited: 
(1) Desmids, which orient in a beam despite absence of eye spots 
(e.g., Micrasterias, Penium, Closterium). 
(2) Micrasterias rotata vat. evoluta: eye-spotless, responds to very 
small amounts of radiant energy; negative phototaxis at high light 
intensities. 
(3) Diatoms: eye-spotless, most sensitive to short wave lengths (caro- 
tenoids). Navicula brevis (Verworn, 1889), Nav. radiosa (Heidings- 
feld, 1943), Nav. buderi, Amphora montana, Nitzchia palea, N. stag- 
norum (Nultsch, 1956). 
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(4) Oscillatoriae, which exhibit negative phototaxis at high light 
intensities: Oscillatoria insignis (Famintzin, 1867a), O. formosa ( Pie- 
per, 1915), O. jenensis (Schmid, 1923), O. splendida (Burkholder, 
1934). 

(5) Prorocentrum micans; dependent upon neither a chlorophyll not 
a carotenoid for phototactic movement (Halldal, 1956). 

(6) Purple bacteria: exhibit negative phototaxis at high light in- 
tensities (Schlegel, 1956). 

(7) Phototactic movements of chloroplasts of cells without eyespots, 
some of which are definitely correlated with carotenoids. 

(8) Amoeba proteus: eye-spotless; most strongly influenced by short 
wave lengths (carotenoids) (Harrington and Leaming, 1900). 

In view of the apparent existence of a considerable number of excep- 
tions to Manten’s classification, a more general classification of photo- 
tactic responses seems to be indicated. Stanier and Cohen-Bazire (1957) 
made a classification of phototactic organisms similar to Manten’s, 
except that they include diatoms in Group II and therefore do not limit 
Group II to organisms with eye-spots. This removes the exceptions 
to Manten’s classification listed above, except for (4) (5), (6), (8) 
and Micrasterias, in which phototaxis does not correlate with caroten- 
oids but otherwise fits into Group II by one phototactic response and 
into neither group by the other response. 

It seems that existing classifications of phototactic organisms are 
not based on sufficiently fundamental characteristics of response to 
hold up as more facts are added to the picture. Perhaps, when more 
action spectra are available, it will be possible to classify phototactic 
response on the basis of the pigment(s) involved, rather than by 
groups or organisms. Present evidence suggests three types of photo- 
taxis on this basis: 

I. Reactions in which chlorophyll(s) participate but are not 
necessarily the sole photochemical agents. 
II. Reactions photochemically independent of photosynthesis 
and/or chlorophyll. 
A. Dependent primarily on carotenoids. 
B. Dependent on pigments other than carotenoids. 


A given organism could have different forms of phototaxis serving 
different physiological purposes and interacting to produce the final 
observed behavior. 
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ALGAE IN WHICH PHOTOTAXIS HAS BEEN OBSERVED 


In order to determine how widespread the phototactic response is, 
it seemed desirable to compile a list of organisms in which phototaxis 
has been observed. Since the most comprehensive available data relate 
to algae, the tabulation has been confined to them. The list has been 
arranged in the framework of the most modern system of classification 
of the algae (Papenfuss, 1955) and shows that there is no major 
group of algae in which phototaxis has not been found. Twenty one 
families of the Chlorophycophyta are represented on the list, as well 
as the Charophycophyta, Euglenophycophyta, Chrysophycophyta (six 
families), Pyrrophycophyta, Cryptophyceae, six families of the Phaeo- 
phycophyta, the Cyanophyceae, and the Rhodophycophyta. Such wide- 
spread occurrence suggests that the response may be ubiquitous when 
studied in more forms, and that absence of phototactic responses in 
an alga may be an exception. This is the opinion of Stanier (1957, 
p. 57) who has stated “Probably all motile phototrophic microorga- 
nisms are capable of directed movement with respect to light”. 

Although this is the most comprehensive list of organisms that ex- 
hibit phototaxis that has been compiled to the best of the author's 


knowledge, comprising some 170 species, it is by no means complete, 
and any additions by readers will be welcomed. 


TABLE VIII 
ORGANISMS EXHIBITING PHOTOTAXIS 





PHYLUM CHLOROPHYCOPHYTA 


Class Chlorophyceae 
Order Volvocales 
Suborder Volvocineae 
Family Chlamydomonadaceae Carteria ovata (Buder, 1917)' 
Chlamydomonas alboviridis 
C. multifilis (Rothert, 1901) 
C. pisiformis (Loeb and Wasteneys, 1916) 
C. pulvisculus (Elfving, 1886; Aderhold, 
1888) 
C. reinhardi (Hartshorne, 1953) 
C. variabilis (Buder, 1917) 
Chlorogonium euchlorum (Schulze, 1927;) 
Mainx, 1929) 
Platymonas subcordiformis (Halldal, 1957) 
Polytoma (Buder, 1917) 


5 References are given wherever possible; the author’s records do not include 
sources of information for all species listed. 
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TABLE VIII. (Cont.) 





Dunaliella ct. euchlora (Halldal, 1958; 
Durston, 1925; Blum and Fox, 1933) 
D. salina (Halldal, 1956) 
D. viridis (Halldal, 1956) 
Family Polyblepharidaceae Polytomella agilis (Pringsheim, 1937) 
P. uvella 
Stephanoptera gracilis (Halldal, 1956) 
Family Haematococcaceae Haematococcus lacustris (Strasburger, 1878; 
Aderhold, 1888) 
H. pluvialis (Mainx, 1929) 
Family Spondylomoraceae Chlamydobotrys gracilis (Schulze, 1927) 
Spondylomorum quaternarium (Buder, 1917; 
Mast, 1918) 
Family Volvocaceae Eudorina elegans (Buder, 1917; Mainx, 
1929; Luntz, 1931a) 
Gonium pectorale (Mast, 1916; Mainx, 1929) 
Pandorina morum (Rothert, 1901; Mast, 
1919; Mainx, 1940) 
Volvox aureus (Buder, 1917; Mainx, 1929) 
V. globator (Mast, 1907, 1932a) 
V. minor (Luntz, 1931a) 
Suborder Tetrasporineae 
Family Palmellaceae Palmella (Ralfs, 1848) 
Tachygonium 
Order Zygnematales 
Suborder Zygnematineae 
Family Zygnemataceae Spirogyra (Oltmanns, 1892; Lepeshkin, 1909) 
Mesocarpus (Mougeotia) scalaris* 
(Stahl, 1880a) 
Suborder Desmidineae 
Family Desmidiaceae Closterium archerianum 
Cl. dianae 
Cl. didymotocum 
Cl. lineatum (Aderhold, 1888) 
Cl. moneliferum (Stahl, 1880b) 
Cl. striatolum (Aderhold, 1888) 
Cosmarium botrytis (Aderhold, 1888) 
Cos. meneghini (Aderhold, 1888) 
Desmidium cylindricum (Aderhold, 1888) 
D. swartzii (Aderhold, 1888) 
Euastrum ansatum (Aderhold, 1888) 
E. insignis (Aderhold, 1888} 
Micrasterias rotata (Gébel, 1880; Stahl, 
1880b) 
M. rotata var. evoluta (Bendix, 1957) 
Penium brebissonii (Ralfs, 1848) 
P. curtum (Braun, 1851) 
P. digitus (Aderhold, 1888) 


6 Taxonomic status of this species uncertain. 
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TABLE VIII. (Cont.) 





Pleurotaenium coronatum (Aderhold, 1888) 
Pl. nodulosum (Aderhold, 1888) 
Tetmemorus brebissonnii (Ralfs, 1848) 
Order Ulotrichales 
Family Ulotrichaceae Ulothrix subtilis var. compacta 
(Treviranus, 1817) 
U. subtilissima (Bolte, 1920) 
U. tenuis 
U. zonata (Dodel-Port, 1876; Strasburger, 
1878; Klebs, 1896) 
Family Chaetophoraceae Chaetophora* (Moore, 1888) 
Draparnaldia glomerata** (Treviranus, 
1817; Moore, 1888) 
Family Pleurococcaceae Protococcus (== Pleurococcus) 
Family Monostromaceae Monostroma latissimum (Carter, 1926) 
Family Ulvaceae Enteromorpha compressa gametes (Borzi, 
1883) 
E. intestinalis (Kylin, 1930) 
Ulva lactuca gametes and zoospores 
U. rigida gametes (Halldal, 1958) 
U. taeniata gametes (Halldal, 1958) 
Order Sphaeropleales 
Family Sphaeropleaceae Sphaeroplea antherozoids 
Order Oedogoniales 
Family Oedogoniaceae Oedogonium swarm-spores (Mast, 1911) 
Order Schizogoniales 
Order Chlorococcales 
Family Chlorellaceae Chlorella 
Family Hydrodictyaceae Hydrodictyon reticulatum? (Mainx, 1929) 
Order Cladophorales 
Family Cladophoraceae Chaetomorpha aerea (Strasburger, 1878) 
Cladophora laetevirens gametes and zoospores 
Order Siphonocladales 
Order Siphonales 
Family Bryopsidaceae Bryopsis plumosa gametes 
Order Dasycladales 
Family Dasycladaceae Acetabularia* (DeBary and Strasburger, 
1877) 


PHYLUM CHAROPHYCOPHYTA 
Class Charophyceae . 
Order Charales 
Family Characeae Chara vulgaris* (Moore, 1888) 


PHYLUM EUGLENOPHYCOPHYTA 


Class Euglenophyceae 
Order Euglenales 


7In older literature also as H. utriculatum. 





PHOTOTAXIS 


TABLE VIII. (Cont.) 





Family Euglenaceae Euglena acus 
. deses (Bracher, 1919, 1937; Mast, 1927) 
. gracilis (Mast & Gover, 1922; Pohl, 1948; 
Binning & Schneiderhéhn, 1956) 
. gracilis var. bacillaris (Géssel, 1957) 
. lacustris® 
limosa 
Spirogyra (Mast, 1911) 
oxyuris 
. Stagnalis® 
. viridis (Aderhold, 1888; Wager, 1900; 
Loeb & Wasteneys, 1916; Buder 1917) 
Lepocinclis texta (Bolte, 1920; Mast, 1927a; 
Brucker, 1954) 
Phacus acuminatus (Géssel, 1957) 
P. longicaudus (Mast, 1911) 
P. pleuronectes (Mast & Gover, 1922) 
P. triqguiter (Mast, 1911) 
Trachelomonas hispida 
T. intermedia (Buder, 1917) 
T. volvocina (Buder, 1917) 
Family Peranemaceae Peranema trichophorum (Mast & Hawk, 
1936; Shettles, 1937) 


mihi hh om 


PHYLUM CHRYSOPHYCOPHYTA 


Class Xanthophydeae 
Order Heterochloridales 
Order Rhizochloridales 
Order Heterocapsales 
Order Heterococcales 
Order Heterotrichales 
Order Heterocloniales 
Order Vaucheriales 
Family Botrydiaceae Botrydium granulatum swarm-spores 
(Strasburger, 1887) 
Family Vaucheriaceae Vaucheria* (Stahl, 1880a; Moore, 1888) 
Class Chrysophyceae 
Subclass Chrysophycidae 
Order Chrysomonadales 
Family Chrysomonadaceae Chromophyton (= Chromulina ?) 
Chromulina psammobia (Fauré-Fremiet, 
1950) 
C. rosanofii (Dangeard, 1928) 
C. woroniana 
Order Isochrysidales 
Family Synuraceae Synura uvella (Mainx, 1929) 
Family Coccolithophoraceae Coccolithus huxleyi (Mjaaland, 1956) 


8 Taxonomic status of these species uncertain. 
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Order Ochromonadales 

Order Prymnesiales 

Order Rhizochrysidales 

Order Chrysocapsales 

Order Chrysotricales 

Subclass Silicoflagellatophycideae 

Order Siphonotestales 

Order Steriotestales 

Class Bacillariophyceae 

Order Centrales 

Order Pennales 

Family Naviculaceae Amphora montana (Nultsch, 1956) 
Navicula brevis (Verworn, 1889) 
N. buderi (Nultsch, 1956) 
N. minuscula (Meinholds, 1911) 
N. radiosa (Heidingsfeld, 1943) 
Pinnularia 
Hantzchia amphioxus (Fauré-Fremiet 1951) 
Family Nitzschiaceae Nitzschia communis (Nultsch, 1956) 

Ni. dissipata (Meinhold, 1911) 
Ni. palea (Meinhold, 1911; Nultsch, 1956) 
Ni. stagnorum (Nultsch, 1956) 


PHYLUM PYRROPHYCOPHYTA 


Class Dinophyceae 
Subclass Desmophycidae(Desmokontae) 
Order Desmomonadales 
Order Thecatales 
Family Prorocentraceae Prorocentrum micans (Hasle, 1950; Halldal, 
1956, 1958) 
Subclass Dinophycidae (Dinokontae) 
Order Gymnodiniales 
Order Blastodiniales 
Order Peridiniales 
Family Glenodiniaceae Hemidinium nasutum (Metzner, 1930) 
Family Peridiniaceae Peridinium cinctum (Metzner, 1930) 
P. trochoideum (Halldal, 1956, 1958) 
P. umbonatum (Metzner, 1930) 
Family Goniaulaceae Goniaulax catenella (Halldal, 1956, 1958) 
G. polyedra (Hasle, 1950) 
Family Ceratiaceae Ceratium cornutum (Metzner, 1930) 
C. furca (Nordli, 1957) 
C. fusus (Hasle, 1950; Nordli, 1957) 
C. lineatum (Nordli, 1957) 
C. tripos (Hasle, 1950; Nordli, 1957) 
Order Rhizodiniales 
Order Dinocapsales 
Order Dinoccocales 
Order Dinotrichales 
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CLASSES OF UNCERTAIN SYSTEMATIC POSITION 


Class Cryptophyceae 
Order Cryptomonadales 
Family Cryptomonadaceae 


Class Chloromonadophyceae 


PHYLUM 


Class Phaeophyceae 
Order Ectocarpales 
Family Ectocarpaceae 


Order Sphacelariales 

Order Cutleriales 

Order Tilopteridales 

Order Dictyotales 

Order Chordariales 
Family Chordariaceae 


Family Spermatochnaceae 
Order Sporochnales 
Order Dictyosiphonales 
Family Punctariaceae 


Order Laminariales 
Family Laminariaceae 


Order Fucales 
Family Fucaceae 


Chilomonas curvata (Strasburger, 1878) 
C. parametium 
Cryptomonas ovata (Pringsheim, 1937) 


PHAEOPHYCOPHYTA 


Ectocarpus siliculosus (Fritsch, 1935; 
Papenfuss, 1935) 

E. tomentosus (Kylin, 1918) 

Sorocarpus uvaeformis (Abe, 1935) 


Chorda filum (Kylin, 1918) 
Heterochordaria abietina (Abe, 1935) 
Stilophora rhizodes (Kylin, 1918) 


Asperococcus bulbosus (Kylin, 1918) 
Scytosiphon lomentarium (Abe, 1935) 


Laminaria digitata 
L. saccharina 


Fucus serratus (Kotte, 1923) 


PHYLUM SCHIZOPHYTA 


Class Cyanophyceae 
Order Chroococcaceae 
Family Chroococcaceae 


Order Chamaesiphonales 
Order Hormogoniales 
Family Osciilatoriaceae 


Halopedia 
Merismopedia revoluta (Carter, 1933) 


Beggiatoa (Engelmann, 1879a; Winograd- 
sky, 1887) 

Glaucothrix gracillima (Verworn, 1889) 

Microcoleus vaginatus (Allen, 1957) 

Oscillatoria acroginea-coerulea (Hansgirg, 
1882) 

O. agardhii (Troizkaja, 1921) 


O. amphibia (Funk, 1923) 
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Family Nostocaceae 


Family Rivulariaceae 
Family Scytonemataceae 


PHYLUM 


Class Rhodophyceae 

Subclass Bangiophycidae 

Order Porphyridiales 
Family Porphyridiaceae 


Order Goniotrichales 
Order Bangiales 

Order Rhodochaetales 
Order Compsopogonales 
Subclass Florideophycidae 
Order Nemalionales 
Order Gelidales 

Order Gigartinales 


O. cortiana 

O. frélichii (Hansgirg, 1882) 

O. formosa (Pieper, 1913; Burkholder, 
1934) 

O. insignis (Famintzin, 1867; Hansgirg, 
1882) 

O. jenensis (Schmid, 1921, 1923) 

O. nigra (Hansgirg, 1882) 

O. princeps (Hosoi, 1951) 

O. sancta (Burkholder, 1934) 

O. splendida (Burkholder, 1934) 

Lyngbya aestuarii (Allen, 1958) 

Phormidium autumnale (Allen, 1958) 

P. foveolarum 

Symploca (Schmid, 1918) 

Thioploca (Engelmann, 1879a) 

Anabaena cylindrica (Allen, 1958) 

A. variabilis (Harder, 1917) 

Nostoc muscorum (Allen, 1958) 

N. punctiforme (Harder, 1917) 

N. sphaerocarpa (Allen, 1958) 

Pseudanabaena brevis (Carter 1933) 

Calothrix parientina (Allen, 1958) 

Fremyella diplosiphon (Allen, 1958) 

Plectonema boryanum (Allen, 1958) 

Pl. calothricoides (Allen, 1958) 

Pl. gracillimum 

Scytonema julianum (Geitler, 1922) 

Tolypothrix tenuis (Allen, 1958) 


RHODOPHYCOPHYTA 


Porphyridium cruentum (Dangeard, 1930; 
Vischer, 1935; Geitler, 1944) 





7 


= organisms in which phototactic movements of chloroplasts have been 
observed. 
= organisms in which chloroplasts as well as the organism as a whole 
move phototactically. 
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INTRODUCTION 


The last decade has been a period of very considerable activity in 
the field of plant respiration. Undoubtedly the greatest and most spec- 
tacular advances in the subject have concerned the path of degradation 
of the substrate into carbon dioxide and water, and the chemical mech- 
anisms by which this is brought about. Evidence has accumulated tend- 
ing to confirm the Embden-Meyerhof-Parnas theory of the course of 
glycolysis from sugar to pyruvic acid, and to confirm the view that 
oxidation is carried out through the series of reactions known as the 
“Krebs” or “tricarboxylic acid” cycle. Furthermore, evidence has also 
been produced indicating the possibility of an alternative and more 
direct pathway in the breakdown of sugar in plant respiration, in the 
course of which pentose and heptose sugars are produced, and to which 
various names have been given, e.g., “direct oxidation pathway,” “pen- 
tose-phosphate pathway” and “pentose shunt”. At the same time a 
considerable amount of work has been published on other aspects of 
plant respiration. In this review these will be discussed first, and a 
consideration of the mechanism of the respiratory processes will follow. 


METHODS 


Apart from the use of radioactive tracers, a development shared by 
plant physiological investigations in general, the major novelty in 
methods used in work on plant respiration has been that of differential 
centrifugation of homogenates of plant material, designed principally 
to discover in which constituents of the cell the various enzyme systems 
concerned in respiration are located. Reference will be made to such 
work later in this article. As regards measurement of respiration in 
living material, the employment of well established methods has con- 
tinued, manometric methods with which the name of Warburg has 
been particularly associated, and modification of such methods, being 
the most popular. Among these may be mentioned one employed by 
Stern and Kirk (122) who designed a micro-respirometer in which 
the two chambers of a differential manometer were drilled in a block 
of duralumin, the block being covered with a removable brass plate, 
through which passed the ends of the capillary manometer tube. It 
was claimed that good results could be obtained with this apparatus 
with three or four mg. of tissue. Mention may also be made of the 
apparatus (6) in which manometric measurements were combined 
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with measurements of electrical conductivity so that the course of 
both the oxygen absorbed and carbon dioxide evolved could be fol- 
lowed. The carbon dioxide was absorbed in a solution of barium hy- 
droxide, the reduction in the electrical conductivity of which gave a 
measure of carbon dioxide evolved, while the amount of oxygen ab- 
sorbed was indicated by the change in pressure registered by a mano- 
meter attached to the respiration vessel. A few micrograms of the gas 
could be measured by the apparatus. 


EFFECT OF EXTERNAL CONDITIONS ON RESPIRATION 
TEMPERATURE 
A number of additions to our knowledge of the effect of temperature 
on respiration by plant material have been made during the last decade. 


It has been established by many investigations in the past that, 
while the temperature coefficient (Qi,) of respiration in most of the 
range of temperatures over which plants flourish is about 2.2, towards 
the lower limit of this range the respiration rate falls off more rapidly 
with falling temperature. In plants of the arcti¢ there was a rapid 
decrease in respiration rate with a fall in temperature from 0° to—5°C 


(115). This decline at temperatures below zero was attributed to the 
formation of ice and consequent dehydration of the protoplasm. Meas- 
ureable rates of respiration below zero were also observed in winter 
wheat, winter barley, field spinach and field lettuce down to -6° or 
-7° C (144). 

As regards the effect of high temperatures, it is well known that 
above a certain temperature, often in the neighbourhood of 35°C., a 
so-called “time factor” operates so that respiration rate falls off with 
time. This was found with the nodule bacterium Rhizobium where the 
time factor operated at 38°C. and over (87). With leaves of cotton 
Goodman and Wedding (62) examined the effect of temperature on 
respiration over the range 5° to 55°C., and their results agreed in 
the main with earlier observations on other plants, although they 
showed some unusual features. While the rate of respiration increased 
with rise of temperature up to 45°C., it appeared that at temperatures 
from 5° to 20°C. there was a tendency for the respiration to rise 
somewhat over a three-hour period, while at 35°C. and higher tem- 
peratures the time factor operated in the sense that the rate of respira- 
tion decreased with time. At the intermediate temperatures of 25° 
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and 30°C., the respiration rate remained constant over this period. 
Curiously, the rate of fall in respiratory activity was more rapid at 
35° and 40°C. than at 45° and 50°C., but at the latter temperature 
and at 55°C. the rate, even initially, was less than at lower temperatures. 

The falling off in the rate of respiration at higher temperatures has 
generally been supposed to result from denaturing of enzymes at these 
temperatures. This view was taken by Koffler, Johnson and Wilson as 
a result of their work with Rhizobium. At the lower temperatures at 
which the time factor was found to operate, they concluded that the 
denaturing might be reversible but became progressively more irre- 
versible as the temperature increased. 

Other explanations of the falling off of the rate of respiration with 
time at high temperatures have been offered. Thus Berry and Norris 
(27, 28) found that the respiratory quotient obtained with onion root 
tips at high temperatures increased with time and that this would 
indicate an increase in the proportion of carbon dioxide produced by 
anaerobic respiration (fermentation) and a decrease in the proportion 
produced by normal aerobic respiration with time. This could be at- 
tributed to a shortage of oxygen for the maintenace of normal respira- 
tion at the high rate. In support of this view these authors found 


that, if the concentration of oxygen was varied, a higher concentra- 
tion was necessary to suppress fermentation the higher the temperature, 
so that even in pure oxygen some fermentation occurred when the 
temperature was as high as 35°C. However, Fernandes had shown 35 
years ago that the time factor at high temperatures operated similarly 
in pea seedlings under both aerobic and anaerobic conditions. 


OXYGEN CONCENTRATION 


In recent years a number of researches have been carried out dealing 
with the influence on respiratory activity of oxygen concentration, a 
factor which previously had received comparatively little attention. 
It had earlier been very generally accepted that oxygen concentration 
over a wide range, from pure oxygen at a pressure of one atmosphere 
to a concentration well below that of this gas in air, has little or no 
effect on respiration. Only in concentrations low enough for anaerobic 
respiration or fermentation to occur, so that the total carbon dioxide 
output was the result of two components, an aerobic and an anaerobic, 
was it understood that respiration varied with oxygen concentration. 
Recent work has shown that this view is inadequate. 
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Considering first the effect of oxygen concentration in gas mixtures 
of one-atmosphere pressure, the whole range of oxygen concentrations 
falls into two divisions, a lower range, in which anaerobic respiration 
or fermentation occurs, and an upper range, in which the whole of the 
carbon dioxide evolved results from aerobic respiration. The lower 
range extends from zero to the extinction point which is that concen- 
tration of oxygen just high enough entirely to suppress anaerobic res- 
piration or fermentation. The upper range extends from the extinction 
point to 100 per cent oxygen. 

It is abundantly clear that the position of the extinction point varies 
widely in different plant materials, and instances are on record where 
some anaerobic respiration or fermentation occurs even in 100 per cent 
oxygen. Reference has already been made to the work (27, 28) with 
onion root tips. Using gas mixtures in which the oxygen concentra- 
tion ranged from five to 100 per cent and using the value of the respira- 
tory quotient as indicating the proportion of fermentation and normal 
respiration (see below), the authors concluded that the amount of 
fermentation depended not only on the oxygen concentration but also 
on the temperature so that as the temperature was increased, so was 
the extinction point; a respiratory quotient of 1.19 was obtained with 
root tips in pure oxygen at 35°C., indicating that at this temperature 
there was some fermentation. 

It may be noted that the breakdown of carbohydrate to carbon 
dioxide and alcohol or some other organic product in presence of oxy- 
gen provides the main argument for replacing the term “anaerobic 
respiration” by “fermentation”, as the convenience of referring to 
aerobic fermentation for this process when oxygen is present is beyond 
question. This does, however, assume that the process in plants gen- 
erally is identical with fermentation by yeast or else gives to the term 
“fermentation” a wider meaning. 

Although aerobic fermentation has been observed in high oxygen 
concentrations, the extinction point is very often in the neighbourhood 
of four or five per cent oxygen. However, Denny (49) found, in ex- 
periments with wheat seedlings in which the oxygen consumed in 
respiration was replaced by nitrogen so that the oxygen concentration 
was continuously falling, that a decline in oxygen concentration from 
20.9 per cent (that of air) to from 144 to 12.6 per cent resulted 
in a fall in oxygen absorption of about five per cent, while the output 
of carbon dioxide remained the same. Very similar results were ob- 
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tained with tubers of Jerusalem artichoke and potato. These results 
suggested that with these tissues some fermentation might take place 
in as high a concentration as 14 per cent. However, Denny (50) found 
that if the oxygen concentration of the gas surrounding potato tubers 
and roots of radish beet was kept constant, both oxygen absorption 
and carbon dioxide evolution were reduced by the same amount, about 
five per cent, by a reduction in the oxygen concentration of the 
surrounding gas from 20.9 to 15 per cent so that under the conditions 
of the experiments the extinction point was below 15 per cent oxygen. 

Over the lower range of oxygen concentrations the values of the 
aerobic and anaerobic components (or respiration and fermentation 
components) can be estimated if both the rate of carbon dioxide evolu- 
tion and the rate of oxygen absorption are known. With a carbo- 
hydrate substrate the respiratory quotient (CO./O,) for aerobic res- 
piration is unity and for anaerobic respiration infinity. Hence, if the 
rate of oxygen absorption is x and the rate of carbon dioxide evolution 
is y, the aerobic component is x and the anaerobic component (fermen- 
tation) is y—x. If the substrate is some other substance which results 
in the respiratory quotient having a value other than unity, say a, the 
carbon dioxide of respiration woud be ax and that of fermentation 
y—ax. Little, however, is known of the anaerobic respiration of mate- 
rial in which the substrate is not carbohydrate. 

The way in which carbon dioxide output changes with change in 
oxygen concentration between zero and the extinction point will thus 
depend on the relation to oxygen concentration of both the respiratory 
and fermentation processes leading to the production of carbon diox- 
ide. If with increasing oxygen concentration the rate of fermentation 
decreases more rapidly than the rate of aerobic respiration increases, 
there will be a fall in carbon dioxide evolution with increasing oxygen 
concentration. With further increase in oxygen concentration this fall 
may give place to a rise as a result of the lessening of the decrease 
in the rate of fermentation with increasing oxygen concentration as 
the extinction point is approached together with continued increase 
in the rate of normal respiration with increase in oxygen concentra- 
tion. There may thus be an oxygen concentration in which carbon 
dioxide output is at a minimum, but this does not necessarily coincide 
with the extinction point. Such a minimum at from five to nine per 
cent oxygen was found in work carried out many years ago but only 
recently published in detail (34). 
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Forward (55, 56) examined the course of respiration of barley 
seedlings kept in gas mixtures in which the oxygen concentration 
ranged from zero to about 40 per cent. Transference of the seedlings 
from air to gas mixtures containing five to ten per cent oxygen re- 
sulted in an immediate reduction in the rate of carbon dioxide evolu- 
tion, the reduction being greater the lower the oxygen concentration. 
Determinations of the respiratory quotient showed that the respiration 
in these oxygen concentrations was entirely normal; that is, there was 
no fermentation. With a concentration of 2.5 per cent oxygen the 
drift of respiration with time altered as the seedlings developed. When 
the youngest seedlings, those 50 hours old, were transferred from air 
to the gas mixture containing 2.5 per cent oxygen, the drift of respira- 
tion, though at a lower level, was similar to that which occurred when 
the oxygen concentration was higher. With somewhat older seedlings 
there occurred a similar reduction in respiration rate, but this was fol- 
lowed by an increase in oxygen absorption and a still greater increase 
in carbon dioxide evolution, thus indicating an increase in normal 
aerobic respiration and some fermentation. With still older seedlings 
both effects occurred together. In yet lower oxygen concentrations 
(1.3 per cent and less) both effects occurred with seedlings of all ages 
used, while often, in addition, there was a temporary burst of carbon 
dioxide production. 

The primary effect of lowered oxygen concentration in inducing a 
lowered rate of respiration was ascribed by Forward to oxygen con- 
centration being a factor in determining the rate of glycolysis, while 
she suggested that the secondary effects might be due to a reduction 
in oxidative anabolism so that respiratory intermediates which, in 
higher oxygen concentrations might have been used in this process, 
were degraded to carbon dioxide and water or used in fermentation. 
The burst of carbon dioxide production in the lowest oxygen concen- 
tration might be ascribed to the degradation of substrates other than 
those normally used in respiration. It will be observed that the extinc- 
tion point appeared to vary with the stage in development of the 
seedling. 

With some tissues the relationship between rate of normal respira- 
tion and oxygen concentration would appear to be hyperbolic. This 
is indicated by data for apples obtained by Watson (see James, 76) and 
for onion roots obtained by Rosene (111). The rate of increase of 
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aerobic respiration with increase in oxygen concentration thus de- 
creases as this concentration increases. 

Whether this relation continues to hold over the whole range of 
oxygen concentrations is not clear, but it does appear that above the 
extinction point and, indeed, above the concentration of oxygen in 
the atmosphere (about 21 per cent), increase in oxygen concentra- 
tion may induce an increase in respiration rate. Data obtained with 
apples led Blackman (34) to conclude that the rate of respiration in 
pure oxygen was about 1.4 times the rate in normal air, while with 
barley seedlings Forward (55) found the respiration rate a little higher 
in 37 per cent oxygen than in air. With spadix tissue of Arum macu- 
latum the rate of respiration increased with increasing oxygen concen- 
tration over the whole range from two to 100 per cent (78). On the 
contrary, tissue of the stalk bearing the inflorescence of this plant 
respired at practically the same rate in oxygen concentrations ranging 
from five to 100 per cent. 

The drift of respiration by the fruit of the Fuerte avocado was ex- 
amined by Biale (31) who used gas mixtures of oxygen and nitrogen 
in which the oxygen concentration ranged fom 2.5 to 99.4 per cent. 
An atmosphere of pure nitrogen was also employed. The drift and 
magnitude of respiration at 15°C. was little affected by oxygen con- 
centration from that of air upwards, but with oxygen concentrations 
below that of air the climacteric peak was lower and occurred later, 
the lower the oxygen concentration. The course of oxygen absorption 
was very similar to that of carbon dioxide evolution, but in normal air 
the respiratory quotient rose slowly to a maximum of about 0.95 
which was reached two days before the climacteric peak. With ten per 
cent oxygen there was a similar rise in the quotient during the pre- 
climacteric period, but in five per cent oxygen the quotient first fell 
from 0.92 to 0.80 and then rose to 0.96 after the climacteric peak. 
In 2.5 per cent oxygen, however, there was a continuous rise in the 
quotient from 0.78 to 0.985. In pure nitrogen the rate of carbon dioxide 
evolution was very low and the climacteric peak did not occur. The 
effect of oxygen on the drift and level of respiration appeared to be 
less the lower the temperature. 

Later Biale and Young (32) examined the drift of respiration of 
lemons in gas mixtures with oxygen concentrations ranging from 0.02 
to 99.2 per cent over periods up to three months or a little longer. In 
contrast to the behaviour observed with avocado, the rates of respiration 
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in atmospheres containing a higher concentration of oxygen than that 
in normal air were always higher than those observed with the latter. 
With these oxygen concentrations the respiration rate first rose with 
time to a maximum and then fell as with the avocado and other fruits 
examined by earlier investigators. With gas mixtures containing a 
lower concentration of oxygen than in air, the respiration rates also 
fell with lowered oxygen concentration until a minimum rate oc- 
curred in from 5.0 to 0.5 per cent oxygen, the actual oxygen concen- 
tration varying with the sample of fruit. With still lower oxygen con- 
centrations the rate of carbon dioxide evolution rose. This difference 
between the fruits of avocado and lemon in regard to the effect of low 
concentrations can be ascribed to a difference in the two fruits respect- 
ing their capacity for fermentation, lemon being capable of a much 
higher fermentation rate than avocado. As regards the lemon, the inci- 
dence of fermentation in low oxygen concentrations was also indicated 
by the respiratory quotients. Generally this was considerably below 
unity, the lowest value of only 0.66 being found with 5.3 and 11 per 
cent oxygen. But in the lower oxygen concentrations the quotient was 
higher, and in 0.54 per cent oxygen a value of 1.08 was obtained. 

So far the effect of oxygen concentration has been considered when 
the gaseous environment of the respiring tissue has been one atmos- 
phere. Recently several observations have been reported on the effect 
on respiration of oxygen at pressures over an atmosphere. Caldwell 
(46) has recently recorded some observations made about 30 years ago 
on the respiration of apples exposed to pure oxygen at pressures up 
to 16 atmospheres. In pure oxygen at atmospheric pressure the output 
of carbon dioxide reached a constant rate of about five mg. per hour 
per 100g. of fresh weight. In pure oxygen exerting a pressure of six 
atmospheres the respiration rate reached a maximum of only 3.3 mg. 
per hour per 100 g. of fresh weight and then fell continuously, while 
in oxygen at 11 atmospheres the respiration rate fell to nothing after 
170 hours, and the apples were dead. This effect was shown to be due 
to the high pressure of oxygen and not to the high pressure as such, 
for in a gas mixture exerting a total pressure of five atmospheres and 
containing 20 per cent oxygen, and in which therefore the partial 
pressure of oxygen was one atmosphere, the respiration rate of the 
apples was approximately the same as in pure oxygen at atmospheric 
pressure. 

This “oxygen poisoning” was observed with potato tubers in pure 
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oxygen, even at a pressure of one atmosphere (16). Variations were 
noted in the drift of carbon dioxide output, presumably depending on 
the previous history of the tubers, and sometimes transference from 
air to 100 per cent oxygen at atmospheric pressure resulted at first 
in a rise in respiration rate; such a rise was always followed by a fall 
which might continue until the rate was zero or little removed from 
it. Sometimes there was a rise in respiration subsequently. The inhibit- 
ing effect of oxygen at high pressures on respiration was observed with 
green shelled peas (130); when they were exposed to pure oxygen, 
exerting a pressure of five atmospheres at a temperature of 15°C., the 
rate of respiration fell rapidly. The oxygen poisoning effect was re- 
versible if the exposure to the high oxygen pressure was not too pro- 
longed (109). 

Analyses of the potato tubers and peas used in these experiments 
showed that the fall in respiration rate, resulting from high oxygen 
pressure, was accompanied by accumulation of pyruvate and citrate 
(including any cis-aconitate and iso-citrate present) and a decrease in 
a-ketoglutarate and malate. These findings could be interpreted as in- 
dicating a “block” in the Krebs cycle between one of the acids of the 
citrate fraction and 2-ketoglutarate; this might result if the action of 


the high pressure of oxygen was the inhibition of one of the enzymes, 
aconitase or isocitric dehydrogenase. 


LIGHT 


Although it has been recognised that light might have an indirect 
effect on the rate of respiration of green organs by bringing about 
an increase in the respiratory substrate through photosynthesis, it has 
been generally supposed that light has no direct effect on respiratory 
activity. Evidence in support of this view has now been obtained in 
two ways. 

The first (48) consisted in using mutant strains of Chlorella pro- 
duced by ultra-violet irradiation which, although green, can not photo- 
synthesize but grow and respire when supplied with a suitable source 
of carbon. The respiration rate of these forms was unaffected by illumi- 
nation. 

The second method (40) depended on using suspensions of Chlorella 
and other material in an atmosphere containing radioactive oxygen. 
It was possible to distinguish between removal from the asmosphere 
surrounding the material of the labelled oxygen absorbe.’ in respiration 
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and the unlabelled oxygen produced in photosynthesis. From such ex- 
periments it was also concluded that illumination had no significant ef- 
fect on the rate of respiration of Chlorella and some other algae, and 
of some vascular plants. With the blue-green alga Anabaena, however, 
respiration was found to depend on light, and the effect was influenced 
by oxygen concentration (40a). The significance of these results is not 
clear. 
UNKNOWN FACTORS 


Rhythmic changes in the respiration rate of some plant materials 
have been recorded (41). The materials were slices of carrot root, 
pieces of potato tuber including buds, and tips of Fucus thallus. With 
all these, when all obvious conditions were kept constant, the rate of 
oxygen uptake varied considerably in a 29-day period. With potato there 
was a 15-day cycle, respiratory activity being at a maximum at about 
the times of full moon and new moon. With carrot a rhythmic cycle 
was also observed, but with this tissue maximum values of respiration 
rate were reached at about the moon’s third quarter and at new moon, 
while a minimum occurred at full moon. With Fucus maxima in res- 
piratory activity occurred about every sixth or seventh day. Superim- 
posed on this weekly or monthly rhythm there was a diurnal rhythm, 
and as regards these the tissues examined also showed differences among 
themselves. Thus in potato a maximum respiration rate was reached 
at 4 to 5 p.m. and lesser maxima at 10 a.m., 3 p.m. and 10 p.m. With 
carrot a maximum was attained at 4 to 5 a.m., and a minimum oc- 
curred just after midday. With Fucus there were maxima at 3 to 4 a.m., 
1 p.m., 6 p.m. and 11 p.m., while minima were observed at 7 a.m. and 
8 p.m. The external factor responsible for these rhythmic changes 
in respiratory activity could not be traced, but it was suggested as a 
possibility that they might be related to cosmic ray showers. 


GROWTH REGULATORS AND RESPIRATION 


Several researches have been concerned with the effect of growth- 
regulating substances on respiration. Taylor (127) found that both 
uptake of oxygen and evolution of carbon dioxide by seedlings of 
wheat and mustard were retarded by 2,4 dichlorophenoxyacetic acid 
(2,4-D) when present in concentrations ranging from 0.25 to 10 
p-p.m., the reduction in respiration being greater the greater the con- 
centration of the growth regulator. In examining the effect of indole-3- 
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acetic acid (IAA) and 2,4-D on a variety of tissues which included 
petiole of carrot, stems and roots of maize and tomato as well as tomato 
crown gall, in every instance the growth induced in a concentration of 
0.002M brought about a reduction in respiratory activity (98). With 
tomato stem tissue the respiration rate decreased as the concentration 
of growth substance increased. With this tissue a number of other 
growth substances were tested but always with the same result, the 
most effective substances in this respect being those whose molecular 
structure included an aromatic ring and free hydroxyl group. Substances 
of related constitution, such as benzoic, salicylic and nicotinic acids, 
had a similar effect on respiration, although they were without growth- 
regulating properties. Experiments with low oxygen concentrations 
were suggestive, for, although lowering the oxygen concentration from 
20 to five per cent brought about a lowering of the respiration rate, 
the effect of IAA in inhibiting respiration was less, the inhibitory effect 
appearing to be more or less proportional to the oxygen concentration. 

With bean roots the graphs showing the relation between respira- 
tion and concentration of 2,4-D suggest that in the low concentration 
of 10M of this substance the rate of respiration was a little higher 
(about 10 per cent) than that of the control without 2,4-D and that 
the respiration rate fell progressively with increase in concentration 
of the growth regulator until in a concentration of 10-?M it was only 
about one-third that of the control. An increased respiratory activity 
induced by 2,4-D and other growth regulators was also observed (85) 
with oat coleoptile and garden pea stem tissues. With the former 
there was a progressive increase in respiration rate as the concentration 
of 2,4-D increased from 0.3 to 200 p.p.m., while at concentrations above 
this the respiration was lessened until with 2,4-D in a concentration 
of 1000 p.p.m. it was lower than that of the control. Pea stems were 
much more sensitive to the action of 2,4-D, an increase in respiration 
rate resulting from the presence of this substance in concentrations be- 
tween 0.0001 and ten p.p.m. Dinitrocresol and dinitrophenol were 
more effective than 2,4-D in affecting the respiration of oat coleoptiles, 
both the stimulatory and inhibitory effects being produced by lower 
concentrations of the substance. 

Thus, as far as it is possible to generalise, it would appear that an 
increase in respiratory activity produced by low concentrations of a 
growth regulator gives place to an inhibitory effect as the concentra- 
tion is increased. Work with leaves of Washington navel orange and 
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the alga Chlorella pyrenoidosa also indicated this (138). However, 
it would seem that the concentrations over which the stimulatory and 
inhibitory effects occur may vary considerably with different tissues. 

The effect of growth regulators in bringing about increased water 
absorption by storage tissues has been held to be related to the effects 
of these substances on respiration. Thus naphthalene acetic acid in a 
concentration of ten p.p.m. induced an increase in the rate of oxygen 
absorption by thin slices of potato tuber of 30 to 5O per cent after 
two days, this being also the time required for this growth substance 
to bring about an increase in water absorption by the tissue slices 
(66). The same concentrations of a number of substances, including 
azide, fluoracetate, arsenite and dinitrophenol, were required to inhibit 
both respiration in presence of naphthalene acetic acid and water ab- 
sorption. With tissue of Jerusalem artichoke tubers also, indoleacetic 
acid in a concentration of five p.p.m. brought about a considerable in- 
crease in water absorption; this took place only if oxygen was present, 
and it was accompanied by a considerable increase in the rate of 
respiration (37). It was, however, thought that the increase in respira- 
tion rate was not a direct effect of auxin but was in some way related 
to the accumulation of water by the cells, since, if the osmotic pressure 
of the external medium was increased so as to reduce the amount of 
water absorption, the increase in respiration rate as a result of added 
auxin was reduced. 


THE RESPIRATORY SUBSTRATE 


It is reasonable to regard any substance as a respiratory substrate that 
is degraded in the plant with release of energy which is thus made 
available for the maintenance and growth of the plant. In normal 
aerobic respiration this degradation is affected by oxidation, and it has 
long been recognised that carbohydrates and fats serve as respiratory 
substrates with the end products carbon dioxide and water; how 
far other substances may be utilised has not been clear. A certain 
amount of evidence has, however, accumulated, indicating that plant 
acids and, in starved cells particularly, proteins might be used as 
respiratory substrates. 


A respiratory quotient of unity has been regarded as strong evidence 
that a carbohydrate was providing the substrate, and where cells con- 
tain relatively large quantities of carbohydrate there is every justifica- 
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tion for this. It must, however, be recognised that the respiratory 
quotient does not provide absolute proof of the nature of the substrate, 
as other reactions proceeding in the cell may involve absorption or 
evolution of oxygen. This is more obvious with fat as a substrate, for, 
whereas the respiratory quotient with fat should theoretically be about 
0.7, in the germination of fat-containing seeds the quotient generally 
falls well below this on account of the simultaneous absorption of 
oxygen for the production of sugar at the expense of fat. On the other 
hand, during maturation of seeds in which fat is stored as reserve, the 
production of this at the expense of carbohydrate will result in quo- 
tients well above unity. For example, Salvorsen (70) recorded quo- 
tients up to 1.31 during maturation of flax seeds, but the quotients 
varied with the stage of development and the temperature, presumably 
depending on the rate of production of fat and the relative amounts 
of carbohydrates and fats respired. 

A surer indication of the nature of the respiratory substrate is ob- 
tained from analysis of replicate samples of tissue at the beginning 
and end of a period over which the carbon dioxide evolved is estimated. 
Thus in apples there was found a loss of both carbohydrate and malic 
acid, and the carbon so lost was equal to that in the products under both 
aerotic and anaerotic conditions (54). 

Another indication of the nature of the respiratogy substrate is given 
when the addition of a substance to the medium surrounding the tissue 
results in an increased rate of carbon dioxide evolution. It was recorded 
more than 50 years ago that the respiration of leaves can be increased 
by floating them on a sugar solution. In recent years this type of experi- 
ment has been carried out, using sugars or other substances containing 
labelled (radioactive) carbon, C'*, and determining the labelled carbon 
in the carbon dioxide evolved. Experiments of this kind were made 
by floating destarched leaves of tobacco on five per cent solutions of 
sucrose, in which either the glucose or fructose portion of the molecule 
contained labelled carbon (108). Other leaves were floated on a 
solution of invert sugar in which either the glucose or frutose con- 
tained labelled carbon. The experiments were conducted at 25°C. in 
an atmosphere of oxygen. Of the sugar absorbed from the external 
solutions, 75 per cent was accounted for as starch, sucrose, glucose and 
fructose in the tissues and as evolved carbon dioxide, and of this 
material, 30 per cent was carbon dioxide whether the substrate was 
sucrose or invert sugar, although with the latter the proportion of starch 
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formed was much higher than when sucrose was the substrate. The 
radio-activities of the carbon dioxide evolved with the various sub- 
strates were equal or nearly equal to those of the sugars supplied, 
whichever of the two hexoses in the substrate was labelled and whether 
the substrate was sucrose or invert sugar. The same was true with regard 
to the starch and sugars in the tissues. From these results it may be 
concluded that g!ucose and fructose, whether free or combined in su- 
crose, are equally utilisable for respiration as well as for the synthesis of 
starch. 

Experiments, in which leaves of wheat were floated on a 0.1 M 
solution of glucose containing labelled carbon and the carbon dioxide 
evolved was shown to be radioactive, indicated that the labelled glucose 
had served as respiratory substrate (33, 132). Similarly, pollen 
of trumpet vine (Tecoma radicans) floated on solutions of various 
sugars containing radioactive carbon, the carbon dioxide produced 
also being radioactive, showed that glucose, fructose and sucrose all 
served as respiratory substrates (101). 


It is, of course, to be expected that intermediate products in the 
breakdown of carbohydrate or other material to carbon dioxide and 
water or other end product should be utilisable as respiratory sub- 
strates, and numerous researches have shown that various supposed in- 
termediates are utilisable in this way. Indeed, such findings have played 
a large part in putting the currently accepted theories of the course 
of fermentation and respiration on a firm basis. Reference to some of 
this work will be made later. 


RESPIRATION OF DIFFERENT KINDS OF TISSUE 


ROOT APICES 

A number of enquiries have been made during recent years on the 
respiratory activity of different regions of young roots. In onion roots 
50 to 60 mm. in length, the oxygen consumption of the terminal five 
mm. was 0.997; of the terminal ten mm., 1.678; and of the terminal 
15 mm., 2.255 c.c. per hour (26). This would suggest that the respira- 
tion intensity on a fresh weight basis was less in the region five to 15 
mm. behind the apex than in the terminal five mm. With this material 
Wanner (133) reported that the rate of oxygen consumption related 
to number of cells or to total nitrogen content was less in the meriste- 
matic zone than in the zone of elongation where it reached a maximum, 
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the respiratory activity falling off to a minimum seven to eight mm. 
from the tip. 

As regards cereals, other work (51, 84, 88) has indicated that in 
wheat roots the respiration intensity in relation to nitrogen content is 
considerably higher in the extension zone than in the meristematic tip. 
In corn roots, too, the maximum respiratory activity per cell was not 
at the root apex but about 4.8 mm. behind it, while with greater dis- 
tance from the apex the respiratory activity decreased slightly to the 
region about six mm. from the tip, beyond which it remained practically 
constant for another three mm. (134)). The respiratory activity of the 
fully vacuolated cell was, indeed, considerably higher than that of the 
meristematic cell and so was the protein content. According to Goddard 
and Meeuse (61), it was found by Goddard, Holden and Rosen that 
the greatest respiration rate per unit of fresh weight in maize roots 
was the terminal mm. of the tip, but, based on total nitrogen, protein 
or ribose nucleic acid, the greatest respiratory activity occurred in cells 
undergoing elongation four to five mm. from the tip. Also with maize 
roots maximum respiratory activity was in the terminal three mm. of 
the root when this was related to fresh weight, but when related 
to the protein content the maximum respiratory activity was in the 
extension zone three to eight mm. behind the apex, the oxygen con- 
sumption of the meristematic and extension zones being, respectively, 
47.5 and 161 yl. per hour mg. of protein nitrogen (29). 

In thin sections from successive zones of garden pea root, the 
respiration rate per unit of fresh weight increased from the root tip 
to a point about 1.5 mm. from the apex, decreased from here to the 
region about 5.6 mm. from the apex and was about the same over the 
region between 5.6 and 9.0 mm. from the apex (42). But here again 
(29) the respiratory activity per unit of protein nitrogen was greater 
in the extension zone than in the meristematic tip, the values of respira- 
tion rate in terms of 1. of oxygen absorbed per hour per mg, of pro- 
tein nitrogen for the meristematic, extension and differentiation zones 
being, respectively, 41, 96 and 159 (29). These zones were, respec- 
tively, O—2 mm., 2—5 mm. and 5—10 mm. from the tip. 

A feature of the respiration of the meristematic tissue of maize and 
garden pea, according to Betz, is the high respiratory quotient. The 
quotients for the meristematic and elongation zones of maize were 
1.41 and 1.04 respectively, and for the meristematic, elongation and 
differentiation zones of garden pea, were 1.69, 1.24 and 1.08, respec: 
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tively. On account of the high respiratory quotients, Betz writes of the 
meristematic zones as fermenting, but the origin of the excess carbon 
dioxide is not clear. 

BULKY ORGANS 

Analyses of the gas in the intercellular spaces of bulky organs have 
shown that in these the concentration of oxygen may be considerably 
less and that of carbon dioxide much higher than in normal air. Since 
the respiratory activity of a number of tissues has been shown to in- 
crease with oxygen concentration and to be reduced by high concen- 
trations of carbon dioxide, and since gradients of oxygen and carbon 
dioxide may possibly occur in bulky organs, it is at least a possibility 
that in storage roots, tubers and fleshy fruits the respiratory activity 
will fall with distance from the surface. 

Measurements of the intensity of respiration of thin slices of a num- 
ber of storage tissues, which included carrot root, Jerusalem artichoke 
tubers (Helianthus tuberosus) and garden (red) beetroot, showed that, 
if the tissue is respiring at a high enough rate, increase in thickness 
of the slice brings about a progressive decrease in the respiratory inten- 
sity of the slice as a whole (124). Washing such slices in water has 
the effect of increasing the respiratory activity; thus by such treatment 
slices of tissue of the same organ can be obtained respiring at different 
rates. As an example carrot root may be taken. After washing in water 
for 21 hours, slices of this tissue, ranging in thickness from 0.033 to 
0.11 cm., respired at practically the same intensity, about 53.5 wl. per 
hour per g. at 25°C., but with slices 0.23 cm. thick the respiration 
intensity was about 14 per cent lower. With the increased respiratory 
activity resulting from washing the slices for 47 hours, the respiration 
intensity fell progressively as the thickness of the slice increased from 
0.045 to 0.20 cm., the rates of oxygen consumption with slices 0.045, 
0.10 and 0.20 cm. thick being, respectively, 198, 154 and 105 yl. 
per hour per g. at 25°C. Similar results were obtained with the other 
tissues mentioned. These findings suggest that, depending on the res- 
piratory activity of the tissue, oxygen consumption falls with increasing 
distance from the surface. The greater the respiratory activity, the 
narrower will be the surface zone respiring at the maximum rate. This 
behaviour would be explicable if either lowered oxygen tension or 
increased tension of carbon dioxide brought about reduced respiratory 
activity in the tissues, and both these would be intensified the more 
rapidly the cells were respiring. 
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It should, however, be noted that in carrot root slices the rate of 
carbon dioxide evolution was practically constant at about 8 x 10° mg. 
of carbon dioxide per c.c. of tissue per second at 21°C., that is, about 
160 wl. per hour per c.c. over a range of thicknesses from 0.05 to 2 
cm. (39). Taken in conjunction with the data for oxygen consumption 
quoted above, this would suggest the possibility of a certain amount of 
fermentation in the thicker slices, and indeed some fermentation in 
aerated slices of carrot tissue had been indicated by earlier work of 
el Gawadi mentioned by Turner 20 years ago. Assuming a uniform 
rate of oxygen consumption as well as carbon dioxide evolution over 
a range of tissue slice thickness from 0.05 to 0.2 cm. and from esti- 
mations of the diffusity of these gases in carrot tissue, Briggs and 
Robertson concluded that with slices 0.2 cm. thick the oxygen concen- 
tration in the middle of the slice would be about 2.5 per cent. At this 
low tension the rate of normal aerobic respiration, as distinct from 
carbon dioxide evolution, would almost certainly be reduced as com- 
pared with that of the surface cells. From what is now known about 
the effect of oxygen concentration on respiration it woud appear 
probable that as oxygen concentration falls from the surface towards 
the interior of a tissue slice, so does the oxygen consumption, and if 
this is so, the oxygen concentration in the middle of the slice will be 
higher than if the intensity of oxygen consumption is equal to that 
of the surface layer throughout the whole slice. But whether the oxygen 
consumption is constant throughout such a slice or whether there is 
a gradient of oxygen absorption from the surface to the middle, it 
would seem clear that in a bulky organ, such as carrot with a restricted 
intercellular space system, normal aerobic respiration is likely to be 
less in the middle regions of the organ than at the surface. In such 
circumstances it is to be expected that a certain amount of fermentation 
will occur in regions away from the surface up to a distance from the 
surface where accumulation of carbon dioxide may be sufficient to in- 
hibit both respiration and fermentation. But that such an inhibition 
does occur is doubtful. 

On the other hand, in an organ with a well developed system of 
intercellular spaces the effective coefficients of diffusion of oxygen and 
carbon dioxide may be such that the concentration gradients of these 
gases in the tissue are gentle enough for the oxygen concentrations in 
the middle of the organ to be well above the extinction point and, 
indeed, little different from those at the surface. This may have been 
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the state of affairs in thin slices of apple flesh taken from regions at 
three distances from the surface, namely, three mm., four to eight mm. 
and more than 14 mm. (67). No significant difference was apparent 
in the respiration intensities of these three samples. It was remarkable 
that the skin respired 14 times as rapidly as the flesh per unit of fresh 
weight and five times as rapidly of a dry weight basis. In potato tuber 
it was estimated that the oxygen concentration in the middle of a tuber 
ten cm. in diameter, respiring at the average rate of 1.5x10° pl. 
of oxygen per sec. per c.c. of tissue, would be only about 0.025 atm. 
less in the middle than at the surface of the flesh (45). It should, 
however, be noted that the respiratory activity of such a tuber is 
very much less than that of a thin slice of the same tissue. This 
may be due to the very low permeability of the periderm to gases, 
Burton concluding that the rate at which oxygen diffused through the 
periderm was not much more than one-millionth of its rate of diffusion 
in air and about one-third of the rate at which it diffuses through a film 
of water of the same thickness and which must be a factor in lowering 
the oxygen tension in the flesh of the tuber below that of the air out- 
side the skin. Possibly a more or less similar condition may have been 
present in the apples examined by Hackney. 


TISSUES INFECTED BY MICROORGANISMS 


A number of instances are on record of infection by parasitic or- 
ganisms resulting in an increased rate of respiration of tissues in the 
neighbourhood of the infection. Thus respiration rate of sweet pota- 
toes was increased as a result of infection by Cerastomella fimbriata, 
the causal organism of black rot (131), and infection of wheat rust 
by powdery mildew induced a similar increase (53): Link and God- 
dard (91) followed the absorption of oxygen by hypocotyl tissue of 
normal tomato plants and of plants infected with Agrobacterium tumi- 
faciens, which produces crown gall, from the seedling to the flowering 
stage, and found that throughout the rate of oxygen absorption per 
unit of fresh weight was always greater in the tissues of the infected 
plants. Klein (86) also recorded that both respiration in air and carbon 
dioxide evolution in an atmosphere of nitrogen or hydrogen were 
higher on both a fresh weight and dry weight basis in the hypocotyls 
of tomato plants infected with crown gall than in unaffected controls. 
He also found that, whereas the respiratory quotients of the controls 
were close to unity, that of the infected plants soon after inoculation 
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was as low as 0.85 and subsequently rose to 1.2 during the maturation 
stage. This high quotient might result from the utilisation of com- 
pounds in the infected plants such as organic acids in a higher state 
of oxidation than carbohydrates, or of a certain amount of aerobic 
fermentation. Sugar beet infected with yellows-producing virus re 
spired at a higher rate than healthy controls (94). 

In this connection reference may also be made to the findings with 
regard to the heat produced by plants infected with microorganisms or 
virus. Leaves of healthy plants of a number of species and leaves of 
the same species but infected with parasitic fungi or virus were placed 
in vacuum cups, and the rise in temperature which occurred above the 
air temperature in four to 20 hours was observed (142). The rise in 
the temperature of healthy leaves was from 0.5 to 2.5°C., but leaves 
infected with one or other of nine different fungi rose in temperature 
by an average of 82 per cent above the rise of the controls. With five 
different viruses the increase in temperature of the infected leaves 
was about 21 per cent more than that exhibited by the healthy controls. 
The fungi employed were Phytophthora infestans on potato, Erysiphe 
polgoni on dwarf bean and Taphrina deformans on peach; the viruses 
were those of tobacco mosaic, tobacco necrosis and white clover mosaic. 
The only exception to the rule was with peach leaf curl, and this was 
probably related to the low content of dry matter in the infected peach 
leaves. That the rise in temperature resulted from a higher rate of 
respiration of the infected leaves, at least in part, was indicated by an 
observation with bean leaves infected with rust. Here killing the my- 
celium of the fungus by heating the leaves to 45°C. for 90 seconds, 
which apparently produced no harmful effect on the host leaves, brought 
about no significant fall in the leaf temperature. 

On the other hand, the intensities of oxygen absorption in air and 
carbon dioxide evolution in both air and in nitrogen by the skin of 
apples suffering from scald were less than those of the skin of normal 
healthy fruits (118). This, however, was considered to be due merely 
to a proportion of the cells of the infected skin being dead, and it was 
concluded that the cells still functioning respired similarly to those of 
the skin of healthy apples. Other work also indicated that there was 
no enhancement of the respiratiaon rate in rye as a result of infection 
with Claviceps purpurea (58). 

Owen (104, 105) found that the rate of carbon dioxide evolution 
on a dry weight basis of tobacco leaves increased within an hour after 
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inoculation with tobacco mosaic virus and that the rate remained for 
about 14 days approximately ten per cent higher than that of unin- 
fected leaves, by which time symptoms of the virus infection were 
showing. During this time uninoculated leaves of the same plant 
showed no change in respiration rate. But the rate of carbon dioxide 
evolution per unit of dry matter of the younger leaves which had ex- 
panded after the inoculation of earlier produced leaves was about 
ten per cent lower than that of healthy controls, while the respiration 
rate on a dry weight basis of older leaves of infected plants was 
about the same as that of healthy controls. However, infected plants 
absorb so much less water than healthy plants that sometimes the rate 
of carbon dioxide evolution per unit of fresh weight might be signifi- 
cantly higher in infected plants than in normal ones. This difference in 
the water content of infected and healthy plants might account for 
some of the conflicting findings with regard to the effect of infection 
by microorganisms and virus on the intensity of respiration. 


RESPIRATION AND CELL DIVISION AND FUSION 


Work by Beatty (19) indicated a correlation between cell division 
and respiration. The rate of oxygen absorption by leaves of Ligustrum 
lucidum and Hedera helix was followed by means of a modified form 
of Warburg manometer, and the number of mitoses determined at 
hourly intervals. Graphs plotted between time and oxygen absorption, 
and between time and mitotic frequency, had common characteristics. 

Stern and Kirk (123) determined the changes in the rate of oxygen 
absorption by single anthers of Trillivm erectum during develop- 
ment of the microspores, the stages of nuclear division being deter- 
mined by means of aceto-carmine smears. After formation of the uni- 
cellular microspores, oxygen absorption tended to rise but fell rapidly 
immediately before the following mitotic division. As it would appear 
improbable that the energy requirements of cells would fall during cell 
division, the conclusion was drawn that oxygen consumption should 
not be considered a measure of respiratory activity. 

Burnett (44) reported that cultures of two heterothallic members 
of the Mucoraceae—Mucor hyemalis and Phycomyces blakesleeanus— 
containing both plus and minus strains, showed a slight though sig- 
nificant increase in oxygen absorption at about the time the hyphae of 
the two strains came into contact. With P. blakesleeanus this increase 
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was observed when the tips of conjugating hyphae were still a milli- 
meter apart. No such increase in oxygen absorption was observed when 
hyphae of two incompatible strains were mixed. The oxygen absorp- 
tion of disks cut from cultures of plus and minus strains was measured 
when they were separate and when they were in contact; the oxygen 
absorption of the cultures of the plus and minus strains together was 
about ten per cent greater than the sum of the two kinds of cultures 
measured separately. The disks of the two strains were in contact only 
momentarily, so it would seem that the increase in respiration rate 
-must have resulted from transmission, through the medium in which 
the mycelia were growing, of some diffusible substance secreted by the 
tips of the hyphae functioning as gametes. 


ANAEROBIC RESPIRATION (FERMENTATION ) 


The great interest shown in the comparative rates of carbon dioxide 
evolution by plant tissue in aerobic and anaerobic conditions is due 
to the information such data may give with regard to the respiratory 
mechanism. Reports of further researches on this subject have appeared 
during the last 12 years. The rates of carbon dioxide output in air and 
in nitrogen by a number of plant organs were compared (3). Materials 
used included potato tubers removed from storage under a variety of 
conditions, roots of turnip, parsnip and carrot, onion bulbs, maize and 
tomatoes at different stages of ripening. With some of the materials 
the ratio of carbon dioxide output in nitrogen to that in air was close 
to 1:3; this was so with maize at 27°C., potato tubers of the variety 
Russet Burbank, onion bulbs after removal from cold storage, and po- 
tatoes after wounding and after treatment with ethyl bromide. With 
most of the materials, however, the rate of carbon dioxide output in 
nitrogen to that in air was much higher than 1:3, as with other 
varieties of potato (Irish Cobbler and McCormick) and roots of par- 
snip and carrot in which the ratio was greater than unity. 

The respiration of thin slices of a number of storage tissues—beet- 
root, mangold root, potato tuber, Jerusalem artichoke tuber—in air 
and in nitrogen has been examined (124). With all these tissues there 
was in nitrogen a continuous fall with time in the respiration rate as 
measured by carbon dioxide output. With mangold and Jerusalem arti- 
choke the initial rates of carbon dioxide evolution in nitrogen, ob- 
tained by extrapolation, were equal to, or higher than, often about 1.4 
times, the rate of carbon dioxide evolution in air immediately before 
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the transfer to nitrogen. With red beetroot the initial rate of carbon 
dioxide output in nitrogen was generally about 0.9 times the rate of 
carbon dioxide output in air, while with potato it was less still. 

With buds of Acer platanoides the ratio of the rate of carbon dioxide 
evolution in nitrogen to the rate of oxygen absorption in air at 15°C 
was about unity, and for growing regions of the plant about 1.4 (107). 
On transference of avocado fruit to pure nitrogen there was an im- 
mediate rise in carbon dioxide production, although this was followed 
by a sharp fall to a low level (31). With lemons in two parallel ex- 
periments in nitrogen and air, the ratio of carbon dioxide output in 
nitrogen to that in air was initially 1:5 or 1:7, but, owing to the fall 
with time of carbon dioxide output in nitrogen, these ratios had fallen 
to 0.114 and 0.083 at the end of the tests (32). 

With a carbohydrate substrate the whole of the carbon lost in normal 
respiration appears as carbon dioxide, while in fermentation, provided 
the products are equimolecular quantities of carbon dioxide and ethanol, 
only a third of the carbon is present in the carbon dioxide evolved. In 
such circumstances, if the ratio of the rate of carbon dioxide evolution 
in nitrogen to that in presence of oxygen is more than 1:3, there is 
evidence of the Pasteur effect, that is, suppression of carbon loss in 
fermentation in the presence of oxygen. The researches mentioned 
above have thus added a number of plant materials in which the 
Pasteur effect may occur. 

However, it cannot be assumed that under anaerobic conditions the 
products are always equimolecular quantities of carbon dioxide and 
ethanol. Indeed, although in some instances the products of fermenta- 
tion are carbon dioxide and ethanol in equimolecular quantities, much 
more often the amount of carbon dioxide produced has been found 
to exceed, sometimes considerably, the amount of ethanol formed. 
This state of affairs could be due to a variety of reasons. One possibility 
is release of carbon dioxide bound in some way to a cell constituent; 
such release of carbon dioxide might occur if an acid were formed in 
fermentation. Again, the excess carbon dioxide might arise from de- 
gradation of some substrate other than carbohydrate. The possibility of 
this occurring in the respiration of barley seedlings in presence of 
oxygen in low concentrations has been mentioned earlier (cf. Forward, 
56). Nance (99) measured the loss of carbohydrate and the production 
of carbon dioxide and ethanol by barley roots kept four hours in a con- 
tinuous stream of nitrogen and found that the amount of ethanol pro- 
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duced corresponded quantitatively with the loss of carbohydrate, but 
that the carbon dioxide produced was much in excess of the amount 
of ethanol produced. The conclusion was drawn that this excess carbon 
dioxide was derived from some other substance or substances such as 
organic acids or proteins. In apples Fidler (54) thought that the 
excess carbon dioxide might be due to utilisation of malic acid, as he 
found that the amounts of carbon dioxide and ethanol produced in 
fermentation, including that formed under aerobic conditions, could be 
accounted for by the combined loss of carbohydrate and malic acid. 
Neal and Girton (100) noted that on transferring roots of Zea mais 
to anaerobic conditions, there was at first production of carbon dioxide 
and ethanol in approximately equimolecular quantities but that in four 
hours the ratio of ethanol to carbon dioxide produced fell to about 
2:3. Determination of the loss of carbohydrate indicated that most, 
though not all, of the excess carbon dioxide resulted from degradation 
of carbohydrate. The remainder, it was thought, might have been de- 
rived from various plant acids. 

Another possibility is that ethanol is not the only product of anaero- 
bic respiration apart from carbon dioxide. It had earlier been shown 
that a small amount of acetaldehyde usually appears along with ethanol 
in anaerobic respiration; it is generally accepted that this acetaldehyde 
arises as an intermediate in the course of carbohydrate breakdown in 
that stage of the process in which pyruvic acid is decarboxylated, and 
that it is subsequently reduced to ethanol. The quantity of acetaldehyde 
present is, as a rule, small, generally not more than one-tenth of the 
quantity of ethanol, and will rarely account for the divergence from 
equality in the molecular quantities of carbon dioxide and ethanol 
produced. Evidently some other end-product must be looked for. 

Lactic acid has been shown to be such a substance. Phillips (106) 
determined the amounts of carbon dioxide, ethanol and acetaldehyde 
produced by barley seedlings during various periods in an atmosphere 
of nitrogen. In the first few hours the amount of carbon dioxide evolved 
considerably exceeded the combined production of ethanol and acetal- 
dehyde; for example, during the first 3.5 hours, three times as much 
carbon dioxide was produced as ethanol plus acetaldehyde. While some 
of the excess carbon dioxide might have resulted from release of bound 
carbon dioxide, Phillips detected some lactic acid and also some 
unidentified volatile and non-volatile acids, but all these were not 
sufficient in quantity to account for the whole of the excess carbon 
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dioxide. Reference has already been made to the later work of the 
same writer (99), in which the conclusion was drawn that the large 
excess of carbon dioxide resulted from degradation of some substance 
other than carbohydrate. 

Among plant materials in which a considerable divergence between 
production rates of carbon dioxide and of ethanol during anaerobic 
respiration have been observed are potato tubers. While actual deter- 
minations of the ethanol-carbon dioxide ratio have shown considerable 
variation, values of the ratio have mostly been much less than unity, 
sometimes even no ethanol or only a negligible amount having been 
produced. Many years ago Stoklasa reported the production of lactic 
acid in potato tubers during anaerobiosis. This has been confirmed 
in recent years. Production of lactic acid in anaerobic respiration (fer- 
mentation) of thin slices of potato tubers has been reported, ethanol 
and lactic acid appearing in the proportion of 17 to 1 (18). In an- 
other investigation, lactic acid was formed under anaerobic conditions 
by thin slices of tomato stem, the ethyl alcohol and lactic acid corres- 
ponding, respectively, to 75 per cent and 13.7 per cent of the carbon 
dioxide evolved (93). What accompanied the production of the re- 
maining 11.3 per cent of carbon dioxide was not known. The produc- 
tion of lactic acid under anaerobic conditions has also been recognised 
in the cotyledons of the mung bean (Vigna sesquipedalis) (101a). 

A considerable investigation of the production of lactic acid in po- 
tato tubers was made by Barker and el Saifi (10). They recorded that 
in absence of oxygen, lactic acid accumulated progressively in the 
tubers for about 15 days, after which the rate of its accumulation de- 
clined. On the other hand, production of ethanol became significant 
after about seven days and then continued to increase for two or 
three weeks. The authors suggested (11) that the lactic acid was pro- 
duced from an intermediate product of glycolysis, possibly pyruvic 
acid, there being competition for the intermediate between the system 
producing lactic acid and other systems such as that producing carbon 
dioxide and ethanol. The same workers (12) found that the rise and 
subsequent fall in carbon dioxide output which occurred when the 
tubers were transferred to air after a period of anaerobiosis was ac- 
companied by a rapid disappearance of lactic acid and by a rapid rise 
followed by a slow fall in the sugar content of the tubers. From these 
observations they concluded (13) that this increased output of carbon 
dioxide resulted partly from oxidation of the lactic acid, maybe first 
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to pyruvic acid and then through the Krebs cycle. Evidence for this 
was obtained (14, 15) in finding that the rise in carbon dioxide output 
and loss of lactic acid were accompanied by an increase in the frac- 
tions including pyruvic acid and 2-ketoglutaric acid. 

It would thus appear that, if the term “anaerobic respiration” is 
inappropriate because the processes to which it refers can occur under 
aerobic conditions, the term “fermentation” replacing it is likewise 
inappropriate in so far as it suggests degradation of sugar to carbon 
dioxide and ethanol. If the term “respiration” is retained to denote 
those processes taking place in the plant which lead to a release of 
energy and if the term “anaerobic respiration” to denote such processes 
taking place in absence of molecular oxygen is discarded because such 
processes can also take place in presence of oxygen, then the term 
“fermentation” replacing it must denote all those processes which re- 
sult in the breakdown of carbohydrate or other substrate without the 
use of molecular oxygen and not only the breakdown of sugar to carbon 
dioxide and ethanol. 


THE MECHANISM OF RESPIRATION 
THE EMBDEN-MEYERHOF-PARNAS PATHWAY 


The theory that in plants the first stages in the breakdown of car- 
bohydrate are identical in aerobic respiration and in anaerobic respira- 
tion or fermentation was initiated by Pfeffer and is now over 70 years 
old. Very many researches have led to wide acceptance of this theory 
and of the view that the series of reactions now known as the “Emb- 
den-Meyerhof-Parnas (EMP) pathway” offers a credible explanation 
of the way, common to both aerobic respiration and fermentation, by 
which sugar is degraded to pyruvic acid. This theory is now so well 
known that a detailed account of it is not called for here, but the series 
of reactions involved may be briefly summarised as follows: 

a) Glucose is phosphorylated by adenosine triphosphate (ATP) with 
the production of glucose-6-phosphate and adenosine diphosphate 
(ADP): 


CgHi20, + ATP = CgHi1,0;(H2PO,) + ADP . 


b) Glucose-6-phosphate is transformed to  fructose-6-phosphate 
through the agency of the enzyme isomerase. 


c) Through the action of the enzyme phosphokinase, a second phos- 
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phate group is transferred from ATP to fructose 6-phosphate to pro- 
duce fructose-1,6-diphosphate: 


CgH110; (H2PO, ) + ATP = CeHi904(H2PO;) 2 + ADP 


d) The fructose diphosphate is now split into two triosephosphates 
in equimolecular quantities by the enzyme aldolase. The trioses are di- 
hydroxyacetone and glyceric aldehyde: 


CeH19O4(H2ePO,4)2 = CHexOH.CO.CH2 ( H».PO,) + 
CH» (H»PO, ).CHOH.CHO 


e) The two triosephosphates are interconvertible by the action of the 
enzyme triosephosphate isomerase to form an equilibrated mixture so 
that as one of the triosephosphates is removed in the following reaction, 
more of it is produced from its isomer. 


f) From the phosphoglyceric aldehyde and inorganic phosphate, 
diphosphoglyceric acid is formed, the oxidation being effected by the 
reduction of coenzyme 1 (diphosphopyridine nucleotide, DPN) 
through the action of the enzyme triosephosphate dehydrogenase’. 


g) A phosphate group is now transferred from the diphosphoglyceric 
acid to ADP so that 3-phosphoglyceric acid is produced along with 
ATP, the enzyme concerned being phosphoglyceric phosphokinase: 

CH» (H2PO,).CHOH.CO(H2,PO,) + ADP = 

CH» (H2PO,)CHOH.COOH + ATP 


4) By the action of the enzyme phosphoglyceromutase, 3-phosphogly- 
ceric acid is now converted into 2-phosphoglyceric acid: 


CH» (H2PO,).CHOH.COOH = CH2OH.CH(H2PO,) COOH 


'It is now usual to denote reduced coenzyme 1 and reduced coenzyme 2 
by the symbols DPNH and TPNH, respectively. In equations a variety of 
symbols have been used for a molecule of reduced coenzyme, such as Col.Ha, 
Col.2H and DPNH + H+, and similar ones for reduced coenzyme 2. In the 
equations given here, for the sake of convenience molecules of the reduced 
coenzymes are denoted by DPNH, and TPNH:2; this has no further signifi- 
cance than to indicate that, in the oxidation of a substance by the coenzyme, 
a molecule of the latter accepts two atoms of hydrogen from a molecule of 
the substance so oxidised. 
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i) Through the action of the enzyme enolase, water is withdrawn 
from the 2-phosphoglyceric acid to produce 2-phosphoenolpyruvic acid: 


CH2OH.CH (H2PO04).COOH = CH2:C(H2PO,).COOH + H,O 


j) Pyruvic acid is now produced from 2-phosphoenol pyruvic acid 
by the removal of a phosphate group by ADP with the production of 
ATP: 

CH2:C(H2PO,). COOH + ADP = CH;CO.COOH + ATP 


With the production of pyruvic acid the end of the pathway com- 
mon to aerobic respiration and fermentation is reached. In presence of 
oxygen the pyruvic acid is normally oxidised to carbon dioxide and 
water, and under anaerobic conditions to carbide dioxide and ethanol, 
although, as we have already seen, some fermentation may occur in 
presence of oxygen, while products of fermentation may be not only 
carbon dioxide and ethanol. 

That phosphate is necessary for fermentation by yeast was shown 
as long ago as 1904 by Harden and Young, but the view that the 
phosphorylation is effected by means of ATP with its energy-rich 
phosphate bonds is comparatively recent. Indeed, although the im- 


portance of these compounds in animal tissue and lower organisms 
had been recognised, and their presence in them demonstrated several 
years earlier, ATP appears to have been first isolated from the tissues 
of a higher plant, the mung bean (Phaseolus aureus) in 1950 (1). On 
the other hand, a number of the phosphorylated intermediates of gly- 
colysis, including hexose and triose phosphates, have been recognised 
for the last 12 years and longer as occurring in various plants. 


The existence of most of the enzymes and co-enzymes required for 
the series of reactions involved in the EMP pathway had already been 
demonstrated in yeast more than 12 years ago, and many of them had 
also been shown to be present in the cells of higher plants; the re- 
mainder have been identified since. These include hexokinase which 
effects the phosphorylation of glucose by ATP to glucose-6-phosphate 
and which was shown to be present in the mung bean (96). The 
material in which this enzyme was demonstrated consisted of the 
small particles thrown down when a homogenate of the cell material, 
after coarser particles had geen removed by centrifugation at a low 
speed, were subjected to a final centrifuging at 10,000 g. The enzyme 
would thus appear to be present in these particles, usually considered 
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to be mitochondria. Salman (112) also demonstrated the presence of 
hexokinase activity in a variety of plant materials—wheat embryos, 
mung bean seeds, oat grains, pea seeds, potato tubers and spinach 
leaves. However, he found that the activity was not confined to the 
mitochondrial particles. 

The presence of the enzyme triosephosphate isomerase, which brings 
about the interconversion of triosephosphates and which was previously 
identified in yeast, was demonstrated in extracts of pea seeds by Stumpf 
(125) who also revealed in the same material the presence of trio- 
sephosphate dehydrogenase which, in conjunction with coenzyme 1 
(DPN ), effects the oxidation of phosphoglyceric aldehyde to diphos- 
phoglyceric acid. Gibbs (59) showed that this enzyme as well as a 
similar one requiring coenzyme 2 (TPN), was present in the stems 
and leaves of pea plants 16 to 22 days old; the roots of these plants, 
however, contained only the enzyme requiring DPN. Arnon (4) also 
found that extracts prepared from leaves of sugar beet, tobacco, spin- 
ach and sunflower contained triosephosphate dehydrogenase which 
could be activated by either DPN or TPN. Later, in conjunction with 
Rosenberg and Whatley (5), he detected three distinct triosephosphate 
dehydrogenases in the leaves of sugar beet, one requiring DNP, and 
two requiring TPN, of which one was sensitive to the presence of 
arsenate and the other independent of arsenate. 

Phosphoglyceric kinase, which brings about the conversion of 1,3- 
diphosphoglyceric acid to 3-monophosphoglyceric acid, has been identi- 
fied in pea seeds (7). Evidence that both enolase, which effects the 
withdrawal of water from 2-phosphoglyceric acid with the formation 
of phosphoenolpyruvic acid, and pyruvic phosphokinase (or phospho- 
pyruvic transphosphrylase), which brings about the removal of phos- 
phate from phosphoenol pyruvic acid, has been furnished in material 
from pea seeds (125). 


THE FINAL STAGE IN FERMENTATION 


It was for long generally assumed that under anaerobic conditions 
the final products of fermentation are carbon dioxide and ethanol, 
produced from pyruvic acid in two stages: first, decarboxylation of the 
pyruvic acid by the enzyme carboxylase (pyruvic decarboxylase) with 
production of acetaldehyde and carbon dioxide; second, reduction of the 
acetaldehyde to ethanol by the action of alcohol dehydrogenase. Acetal- 
dehyde has long been known as occurring in fermentation, while 
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carboxylase was one of the earliest of the fermentation enzymes to be 
recognised in higher plants. Alcohol dehydrogenase has also been 
found in pea seeds (125). 

It has, however, been shown by several investigators, as mentioned 
earlier, that, besides carbon dioxide and ethanol in some tissues, in- 
cluding potato tuber, lactic acid appears to be a product of fermenta- 
tion. When this is so it is probable that the enzyme lactic dehydrogenase 
brings about the oxidation of pyruvic acid to lactic acid; this enzyme, 
as well as carboxylase, was found in potato tuber tissue (18). It would 
seem that in such tissue there is competition for pyruvic acid between 
the carboxylase and lactic dehydrogenase systems. 


THE TRICARBOXYLIC ACID OR KREBS CYCLE 


Much work carried out during the last ten years or so has shown 
that the series of reactions postulated in the tricarboxylic or Krebs 
cycle affords a reasonable explanation of the mechanism by which 
pyruvic acid produced by the reactions of the EMP pathway is degraded 
to carbon dioxide and water. The stages in this cycle may be sum- 
marised as follows: 


a) The oxidative decarboxylation of pyruvic acid by means of 
coenzyme A and DPN leads to the production of acetyl-coenzyme A, 
carbon dioxide and reduced DPN. Three reactions are probably in- 
volved in this (110a). 


b) The acetyl-coenzyme A now reacts with oxalacetic acid to pro- 
duce citric acid with re-formation of coenzyme A. 


This reaction is catalysed by an enzyme known as the condensing en- 
zyme. These first two reactions can be summarised thus: 
CH;.CO.COOH + COOH.CH:.CO.COOH + H,O + DPN = 
COOH.CH»COH (COOH) .CHsCOOH + CO. + DPNH, 


c) The citric acid is now transformed through cés-aconitic acid to its 
isomer |-isocitric acid by the action of the enzyme aconitase. 


d) By the action of isocitric dehydrogenase the isocitric acid in 
presence of TPN is oxidised to oxalsuccinic acid: 


COOH.CHOH.CH (COOH ).CH,.COOH + TPN = COOH.CO.CH 
(COOH )CH:.COOH + TPNH: 
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e) Through decarboxylation of the oxalsuccinic acid by the appro- 
priate decarboxylase, a-ketoglutaric acid is formed: 
COOH.CO.CH (COOH ) .CHs.COOH = COOH.CO.CH». 
CH2.COOH + CO» 


f) The a-ketoglutaric acid, by oxidative decarboxylation through the 
action of a-ketoglutaric dehydrogenase, now gives rise to succinic acid 
and carbon dioxide: 

COOH. CO.CH2.CH:.COOH + H,O + X = COOH.CH2.CH». 

COOH + CO. + XHe 


g) By the action of succinic dehydrogenase the succinic acid is 
oxidised to fumaric acid. The succinic dehydrogenase appears to 
be generally associated with a cytochrome system, and it would appear 
that the hydrogen removed by the dehydrogenase is accepted by oxygen 
through the mediation of the cytochrome system. The action can then 
be summarised thus: 


COOH.CH».CH».COOH + 20, = COOH.CH:CH.COOH + H:,O 


h) By the action of fumarase, /-malic acid is now formed from 
fumaric acid: 
COOH.CH:CH.COOH + H,O = COOH.CHOH.CH:.COOH 


+) The cycle is completed by the re-formation of oxalacetic acid 
by the oxidation of malic acid through the action of malic acid dehy- 
drogenase, DPN being the hydrogen acceptor: 
COOH.CHOH.CH:.COOH + DPN = COOH.CO.CH:.COOH 
+ DPNH, 


The net result of this series of reactions is thus the production, from 
a molecule of pyruvic acid, of three molecules of carbon dioxide re- 
leased at different stages of the cycle, and of four molecules of reduced 
coenzyme. A molecule of reduced coenzyme is also produced in stage f 
of the EMP pathway. Under anaerobic conditions this is oxidised to 
DPN in the final stage of fermentation in which acetaldehyde is 
reduced to ethanol, but under aerobic conditions it means that alto- 
gether five molecules of reduced coenzyme are formed during the 
breakdown of a molecule of hexose for every molecule of pyruvic 
acid produced by the EMP pathway and oxidised through the Krebs 
cycle. Reduced coenzyme does not accumulate, and each such molecule 
is oxidised by molecular oxygen through the action of an oxidase, 
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known as a “terminal oxidase,” a half molecule of oxygen being re- 
quired for each molecule of reduced coenzyme. With the half molecule 
of oxygen used for the oxidation of each molecule of succinic acid in 
stage g of the Krebs cycle there is thus required six half molecules of 
oxygen, that is, 302, for the oxidation of each molecule of pyruvic 
acid, and as one molecule of hexose gives rise to two molecules of 
pyruvic acid, the overall equation for the aerobic degradation of hex- 
ose through the EMP pathway and the Krebs cycle is the familiar 
CgH120¢ + 602 — 6CO. + 6H,0. 

The evidence for the operation of the Krebs cycle in plants rests 
on the recognition in them of the various postulated intermediates, 
the enzymes and coenzymes involved, and particularly on the oxidation 
by preparations from plant materials of the various acids appearing in 
the cycle. As regards the acids of the cycle, most of these have been 
identified in plants, and some, such as malic acid and citric acid, are 
widely distributed; oxalsuccinic acid and a-ketoglutaric acid are, 
however, exceptions. The failure to identify an acid in any particular 
tissue does not, of course, prove that it is not a transistory intermediate, 
for it may be utilised as rapidly as it is formed. 

As regards enzymes and coenzymes, Seifter (117) found coenzyme 
A widely distributed in higher plants, the highest concentration being 
generally in seeds and the lowest in leaves. Coenzyme 2 was identi- 
fied in leaves of a number of plants, including chickweed (Stellaria 
media), white clover, runner bean, elder, potato and oat, but coenzyme 
1 was detected in only negligible quantity (139).The condensing en- 
zyme was demonstrated in a preparation from Aspergillus niger (110). 
Aconitase was recorded in potato tuber in extracts from chickweed 
leaves (140), but none could be found in preparations of elder leaves, 
though here inactiviation of the enzyme by the method of preparation 
of the extract was not to be ruled out as a possibility. Aconitase has 
also been demonstrated in barley embryos and young roots (77). 
Earlier work indicated the probable presence of isocitric dehydrogenase 
in seeds of pea and cucumber; more recent work (47) indicated its 
presence in parsley root. Whatley (140) demonstrated its action in 
leaves of chickweed, white deadnettle (Lamium album), elder and 
charlock, though it was not recognisable in leaves of white clover, 
wild chervil (Amthriscus sylvestris) and broccoli; this might have been 
due to an enzyme in the leaf extracts which destroyed the TPN 
necessary for the functioning of the enzyme. 
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Oxalsuccinic decarboxylase was also identified in a preparation from 
parsley root by Ceithaml and Vennesland, but direct demonstration of 
a-ketoglutaric dehydrogenase in plant tissues does not yet appear to 
have been achieved. On the other hand, succinic dehydrogenase, to- 
gether with a cytochrome system, was recognised in plants many years 
ago. More recently succinic dehydrogenase has been recognised in 
wheat (135) and in a variety of tissues, namely, barley, wheat and 
maize embryos, pea cotyledons, cotyledons, and shoot of runner bean, 
broad bean and golden butter bean, roots of dandelion and seakale, 
and flower buds of rhubarb (30). Lastly, malic dehydrogenase has 
been recognised in plant material since 1921; more recently it has 
been recorded for wheat seedlings (135). 

A number of observations are on record of additions of one or 
other of the acids of the Krebs cycle to plant material resulting in their 
oxidation as indicated by an increase in oxygen absorption, but this 
scarcely indicates their participation in the Krebs cycle, although such 
a result is in harmony with it. For example, an increase in the uptake 
of oxygen by oat coleoptiles resulted from addition of isocitrate, a-keto- 
glutarate, fumarate or succinate (35, 36), and citrate, a-ketoglutarate, 
succinate and pyruvate were oxidised by potato tuber tissue (18). 
Eny (52) examined the effect of addition of a number of acids, in- 
cluding pyruvic, aconitic, citric, a-ketoglutaric, succinic, fumaric and 
malic, on the uptake of oxygen and evolution of carbon dioxide by 
Chlorella, and decided that the effects of these on the respiration of 
the alga suggested the operation of the Krebs cycle. 

The most convincing evidence for the operation of the Krebs cycle 
in plant respiration has been provided by work with the small cellular 
particles which are thrown down when homogenates of cell material 
are centrifuged at forces of 10,000 to 17,000g. By centrifuging at 
progressively higher forces, a separation of various cell constituents 
can be effected. Thus by centrifuging at a comparatively low force of, 
say, 600g, the coarser fragments, for instance, pieces of cell wall and 
any whole cells remaining, are removed. Then centrifuging the super- 
natant fluid at 1000g will result, according to James and Das (80), 
in separation of the chloroplasts. Further centrifuging of the super- 
natant fluid at 6,000 to 17,000g then gives a sediment consisting of 
particles which are generally regarded as mitochondria and so desig- 
nated. A final centrifuging of the supernatant fluid at 100,000g gives a 
further sediment composed of extremely small particles generally re- 
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ferred to as “microsomes.” Numerous researches have shown that the 
mitochondrial particles are the seat of the enzymes catalysing the 
oxidations concerned in the Krebs cycle. It was in the mitochondrial 
particles thrown down in a final centrifuging at 15,000g that Bhavgat 
and Hill (30) found cytochrome oxidase and succinic oxidase in the 
range of materials mentioned earlier, while these same enzymes were 
shown by Stafford (119) in the mitochondria obtained from homo- 
genates of three-day old pea seedlings by centrifuging at 16,500g. 
With mitochondria obtained from etiolated seedlings of mung bean 
(Phaseolus aureus) by a final centrifuging at 10,000g, addition of one 
of the acids of the Krebs cycle brought about an increase in oxygen 
consumption, thus indicating oxidation of the acid (96). Since then a 
considerable number of investigations have extended this finding to a 
wide range of species. Thus Laties (89) showed that mitochondria 
from cauliflower would effect these oxidations, and he revealed that 
certain environmental conditions of the mitochondria are necessary 
for the oxidative capacities to be preserved. Other materials in which 
mitochondria have been shown to effect oxidation of Krebs cycle acids 
include the spadix of Arum maculatum (65), the fruit of avocado 
(97), black Valentine bean (20) and germinating castor seeds (24). 
Supplied to mitochondria of lupin cotyledons a labelled carbon atom 
(C'*) in the molecule of pyruvic acid was transferred to the other acids 
of the cycle, while some radioactive carbon was present in the carbon 
dioxide evolved (43). Tager (126) concluded that mitochondria from 
oat seedlings could catalyse the oxidation of pyruvic acid through the 
Krebs cycle, while other investigators (74) found that suspensions of 
mitochondria from developing fruits of pepper (Capsicum annuum) 
readily oxidised citrate, isocitrate, a-ketoglutarate, succinate and malate. 
Stanley and Conn (120, 121) examined the oxidative activity of 
mitochondria from the endosperm of ungerminated seeds and from 
young seedlings of sugar pine (Pinus lambertiana) by supplying the 
particles with pyruvate containing radioactive carbon (C'*), and iso- 
lating the acids produced and determining their radioactivity. Citric, 
succinic and malic acids isolated from the reaction mixture were all 
radioactive. The oxidative activity was determined by measuring the 
uptake of oxygen and evolution of carbon dioxide resulting from 
addition of intermediates of the Krebs cycle. Mitochondria from the 
embryos of ungerminated seeds appeared to have a higher oxidative 
activity than mitochondria from five-day old seedlings. The oxidative 
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activity of these latter was, however, increased by addition of the 
supernatant fluid obtained in the centrifuging of the homogenate of 
ungerminated seeds. This stimulating factor appeared to be absent 
from the microsomes. Withrow and Wolff (141) also found that the 
oxidative activity of mitochondria from seedlings of French bean 
(Phaseolus vulgaris) in oxidising succinate decreased as the seedling 
increased in age from three to seven days, but without added succinate 
the oxidative activity increased. 

In six of 12 species examined for the oxidative activity of mito- 
chondrial particles (mung bean, spinach, cabbage, lettuce, maize, Pteris 
tremula), addition of pyruvate, a-ketoglutarate, citrate, succinate or 
malate brought about a considerable increase in oxygen uptake by the 
particles (57). This was also evident, though not so pronounced, with 
the other species (Convolvulus, Eschscholzia californica, Mentha pi- 
perita, onion, Pseudotsuga menziesti, Azolla filiculoides). 

That the oxidation of the intermediates of the Krebs cycle should 
have been established for such a wide range of mitochondrial material, 
obtained from many families of angiosperms and from Coniferae and 
Pteridophyta, is strong evidence of the universality of the Krebs cycle 
throughout the plant kingdom. However, as will appear below, it would 
appear that the EMP pathway and the Krebs cycle do not constitute 
the exclusive way by which hexose is degraded in respiration. 


TERMINAL OXIDASES 


There is evidence that in different tissues, even in the same tissue, 
more than one oxidase may be involved in the final transfer of hydro- 
gen to molecular oxygen during operation of the Krebs cycle. Evidence 
for the action of a particular oxidase rests partly on a demonstration 
of its presence in the tissue concerned, partly on observation of the 
effect of adding a substrate of the oxidase to the medium containing 
the tissue, but more especially on the effect of inhibitors of the various 
oxidases on the respiratory activity of the tissue. Thus, of the three 
oxidases supposed to be mainly responsible for the terminal oxidase 
action, catechol (polyphenol) oxidase is inhibited by cyanides, sul- 
phides, azides and carbon monoxide, the last being unaffected by 
light; cytochrome oxidase is inhibited by the same substances, but the 
inhibition produced by carbon monoxide is reversible in light; while 
ascorbic acid oxidase is inhibited by cyanide and by diethyldithio- 
carbamate (82) but not by carbon monoxide (76). 
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Cytochrome oxidase has been recognised in a considerable number 
of species, although not in all of those examined. Reference has already 
been made to the work of Bhavgat and Hill and of Stafford on finding 
cytochrome oxidase along with succinic dehydrogenase in a number of 
plants. Webster (136) made a survey of a large number of species 
and identified cytochrome oxidase in species belonging to 23 families 
of dicotyledons, while McClendon (95) found cytochrome oxidase in 
mitochondria obtained from leaves of tobacco. Tissues and organs in 
which cytochrome oxidase has been recognised include various cereal 
seedlings, potato tubers, spinach chloroplasts, carrot roots and orange 
fruits. Catechol or polyphenol oxidase has also been found in a 
large number of plants, while the presence of ascorbic acid oxidase 
has also been demonstrated in a wide range of materials including 
cabbage leaves, cucumbers, apples and seedlings of various cereals. 

The works of Boswell and Whiting and of Baker and Nelson, 
indicating that in potato tuber catechol oxidase is the principal terminal 
oxidase, were referred to in the previous article on respiration (Bot. 
Rev. 12: 165-204. 1946). Since then Schade, Levy and collaborators 
(90, 113, 114) have questioned the correctness of this earlier con- 
clusion, and from their own experiments came to the conclusion that 
two enzymes, of which one is cytochrome oxidase, function in the 
respiration of potato tuber tissue. One of the reasons for their con- 
clusion was that, since the respiration of tuber tissue was partially 
inhibited by carbon monoxide and the inhibition was removed by 
light, cytochrome oxidase was indicated as a terminal oxidase. Further, 
addition of cytochrome c to homogenates of tuber tissue brought about 
increased oxidation of ascorbic acid and of p-phenylenediamine, an 
action catalysed by cytochrome oxidase. The excess oxidation so re- 
sulting was inhibited by carbon monoxide, the inhibition being re- 
moved by light. However, cytochrome oxidase will still function in 
low oxygen concentrations; and Levy and Schade (90) found that, 
while homogenates of the tissue of the tuber without added cytochrome 
c would oxidise ascorbic acid and p-phenylenediamine, this required 
a relatively high oxygen concentration, thus suggesting that a second 
terminal oxidase functioned. Boswell (38) agreed that cytochrome oxi- 
dase is a terminal oxidase in potato tuber but maintained that catechol 
oxidase also functions as such. This was also the conclusion reached 
elsewhere (18). That cytochrome oxidase was a terminal oxidase in 
potato tuber was also indicated by others (64) who decided that water 
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uptake induced by auxin is controlled by cytochrome oxidase, while 
a third trio (128), on the basis of the effect of inhibitors on the 
respiration of thin slices of potato tuber, decided that the main termi- 
nal oxidase in freshly cut slices of the tuber was cytochrome oxidase. 
If, however, the slices were washed in water for four days or kept 
for a day at 25°C, the sensitivity of the respiration to cyanide and 
carbon monoxide disappeared, from which it would appear that the 
cytochrome oxidase was replaced by some other terminal oxidase. This 
might account for earlier conflicting conclusions but would not indicate 
catechol oxidase as the oxidase replacing cytochrome oxidase. 


Hackney (68) reported that when protocatechuic acid, catechol and 
p-cresol, oxidised by catechol oxidase, were added to the medium 
surrounding thin slices of apple fruit, there was an increase in the 
rate of oxygen absorption and sometimes also of carbon dioxide evo- 
lution, and with immature fruit the oxygen absorption was greater 
than could be accounted for by the oxidation of the substance added. 
When present in suitable concentration, inhibitors of catechol oxidase, 
e.g., resorcinol and potassium cyanide, reduced the respiratory activity 
of apple slices. These findings are in agreement with the view that 
catechol oxidase is a terminal oxidase in apple but are not conclusive; 
the action of cytochrome oxidase is also inhibited by cyanide. In a 
further contribution, addition of ascorbic acid in low concentration to 
apple slices brought about increases in both oxygen absorbed and 
carbon dioxide liberated, the amount of oxygen absorbed being con- 
siderably greater than could be accounted for by the ascorbic acid 
added. It was concluded, therefore, that ascorbic acid oxidase might 
also act as a terminal oxidase in apples, but again this can be regarded 
only as a possibility (69). 

A number of instances in which it appeared that cytochrome oxidase 
acted as a terminal oxidase, though not necessarily the only one, were 
mentioned in the earlier article on respiration in this periodical. The 
materials were barley leaves, wheat embryos, seedlings of wheat, barley 
and rice, carrot roots and young leaves, and tomato roots. More recently, 
from observations on the action of respiration inhibitors on the growth 
of oat coleoptiles and the extension of isolated sections of stems of 
garden pea, it was concluded that in these organs also cytochrome oxi- 
dase was a terminal oxidase (66). The authors examined the effect of 
low partial pressures of oxygen, of carbon monoxide and of cyanide 
on the processes mentioned. They found, for example, that carbon 
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monoxide in a mixture of this gas and oxygen in the proportions of 
5 to 1, brought about 70 per cent inhibition of the growth of oat 
coleoptiles and of 50 per cent in extension of pea stem sections. 

As regards barley embryos, investigations have indicated that, where- 
as cytochrome oxidase is the main terminal oxidase in the respiration 
of these, as development proceeds the cytochrome oxidase is replaced 
by ascorbic acid oxidase (75). Thus the embryos were found to con- 
tain cytochrome oxidase, their respiration being reduced about 80 per 
cent by cyanide, azide or carbon monoxide, the inhibition produced by 
the last being almost completely reversible in light. On the other 
hand, the only oxidase that could be detected in the young roots was 
ascorbic acid oxidase, and the respiration of the roots was greatly 
reduced by diethyldithiocarbamate, an inhibitor of this oxidase. Other 
work indicated that in the root of the swede also, ascorbic acid oxidase 
might be a terminal oxidase (38). 

Cytochrome oxidase, catechol oxidase and ascorbic acid oxidase may 
not exhaust the list of terminal oxidases in plants. In Arum maculatum 
and other members of the Araceae, the very rapid rate of respiration 
of the spadix was practically unaffected by 0.001 M cyanide, carbon 
monoxide and diethyldithiocarbamate, thus indicating that the three 
oxidases noted above were not concerned in the respiration of this 
material (78). A similar behaviour towards inhibitors was revealed 
in a preparation of the mitochondria obtained by high-speed centrifu- 
gation of a homogenate of the spadix tissue (81). The spadix contained 
a flavoprotein, and it was thought that this might have been concerned 
in the respiration of the Arum spadix. 

However, Bendall and Hill (25), by spectroscopic observations, 
found that both the living tissue of the spadix of Arum maculatum 
and a preparation of the mitochondrial particles obtained by centri- 
fuging a homogenate of the tissue at 6,500g contained a normal cyto- 
chrome system with 4,5 and ¢ components. In addition, there was an 
additional cytochrome component that they called 4; which was oxi- 
dised in air in presence of cyanide and which did not react with 
carbon monoxide. This component was present in the mitochondria 
in relatively large amount, whereas cytochrome ¢ was present in only 
relatively small quantity. It was therefore suggested that this cyto- 
chrome 6; might be concerned in the respiration of the tissue and 
account for its resistance to the action of cyanide and carbon monoxide. 

Yocum and Hackett (143) also came to the conclusion that cyto- 
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chromes participate in the respiration of the aroids Philodendron 
grandifolium and Peltandra virginica. With these also the respiration: 
of the mitochondrial particles obtained with a final centrifuging at 
10,000g was relatively insensitive to cyanide and carbon monoxide. 
However, spectroscopic observations showed that cytochromes a + 4s 
(the oxidase), 6 and c were present in the Peltandra spadix, while it 
was possible to demonstrate the presence in the mitochondrial particles 
of cytochrome oxidase with a high affinity for cyanide and carbon 
monoxide. The conclusion was drawn that the resistance of the respira- 
tion of the spadix to cyanide and carbon monoxide could be accounted 
for by the presence of a cytochrome 4 which was either oxidised directly 
or, through the action of an oxidase, was not affected to any extent by 
cyanide or carbon monoxide. 

The effect of oxidase inhibitors on the respiration of some algae, 
as reported by Osterlind (102, 103), appears somewhat peculiar. The 
respiration of Chlorella was inhibited 50 per cent by cyanide in a 
concentration of 50 »M, indicating the operation of a copper or iron 
enzyme, whereas the respiration of Scenedesmus was resistant to cya- 
nide. However, azide in a concentration of 30 ~M brought about 50 


per cent inhibition of respiration with both algae. This result appears 
strange, as cyanide and azide are both inhibitors of iron and copper 
enzymes, and would be expected to have similar effects on respiration. 


Respiration of the blue-green alga Anabaena was strongly inhibited 
by cyanide, azide and o-phenanthroline, an inhibitor of zymohexase, 
and also by carbon monoxide in relative high concentration (137). 
It would therefore seem likely that cytochrome oxidase or polyphenol 
oxidase is a terminal oxidase in this alga. 

It would appear possible that infection by microorganisms may re- 
sult in a change in the terminal oxidases functioning in the host 
plant. Thus Farkas and Kiraly (53) reported that with wheat, azide 
strongly inhibits the respiration of both healthy and diseased plants, 
but that, whereas the respiration of the tissues of healthy plants is 
totally resistant to cyanide, with infection there develops a partial 
sensitivity to cyanide. This result is again difficult to understand, since 
azide and cyanide are inhibitors of the same oxidases. In tomato plants 
Link and Klein (92) concluded that iron and copper enzymes, which 
would include cytochrome oxidase and catechol oxidase, and other 
enzymes not identified, were terminal oxidases. In tissues affected with 
crown gall it was concluded that there occurred a relative imcrease in 
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the copper enzymes (such as catechol oxidase) at the expense of the 
iron enzymes (such as cytochrome oxidase) and other enzyme systems. 
With tumours produced by auxin, however, both copper and iron 
enzymes increased at the expense of the other enzyme systems. 

The evidence thus indicates that not one enzyme alone is responsible 
for the removal of hydrogen by molecular oxygen in the respiration 
process but a consideration of more recent work, particularly that 
concerned with mitochondria, suggests that the cytochrome system pro- 
vides the main terminal oxidase while other oxidases play at most a 
minor part. 


THE DIRECT OXIDATION PATHWAY 


During the last few years a number of investigations have indicated 
that hexose may be broken down in plants to carbon dioxide and water 
by a course different from that of the EMP pathway and the Krebs 
cycle. That such a pathway might exist in animal tissues was indicated 
20 years ago, but the possibility of its existence in plant tissues has 
been recognised only during the last four years. This pathway, to which 
various names have been given, including “direct oxidation path- 
way, “oxidative glycolysis pathway,” “pentose phosphate pathway,” 
“hexosemonophosphate shunt” and “pentose shunt,” involves a cycle 
of reactions in which phosphorylated hexose is degraded to phosphory- 
lated pentose with release of carbon dioxide and water, and ultimate 
re-formation of hexose from the pentose through a series of reactions 
in which phosphorylated sugars are the intermediates. The supposed 
reactions in the cycle are: 


a) Glucose, presumably the respiratory substrate, is first phosphory- 
lated to glucose-6-phosphate as in the EMP pathway; the enzyme 
catalysing this reaction is, as we have seen, hexokinase. 


b) The glucose-6-phosphate is oxidised to 6-phosphogluconate, co- 
enzyme 2 (TPN) and the enzyme glucose-6-phosphate dehydrogenase 
being concerned: 

CgHi10;(H2PO,) + TPN + HeO = CgHi10¢(H2PO,) + 

TPNH2 

c) By the action of the enzyme 6-phosphogluconate dehydrogenase 
with TPN the phosphorylated keto-pentose sugar ribulose-5-phosphate 
is produced and a molecule of carbon dioxide released for every mole- 
cule of sugar involved: 


CgHi10¢ (H2PO,) + TPN = Cs5H 9O4 (H2PO,) + TPNH: + CO. 
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d) The ribulose-5-phosphate is now transformed to its aldopentose 
isomer ribose-5-phosphate through the action of the enzyme phos- 
phoribose isomerase. 


e) Two molecules of the ribose-5-phosphate under the action of 
the enzyme transketolase now give rise to a molecule of the heptose 
sugar sedoheptulose and a molecule of the triose glyceric aldehyde, both 
as phosphate esters: 

2C5H9O4(H2PO,) = C;His0¢(H2PO,) + C3H;s02(H2PO,) 


f) By the action of the enzyme transaldolase a three-carbon atom 
chain from the sedoheptulose is now linked to the carbon chain of 
the glyceric aldehyde with the result that hexosephosphate is formed. 
A second molecule of hexosephosphate is formed by the linkage of the 
remaining chain of four carbon atoms (a tetrose) from the sedohep- 
tulose with a two-carbon portion of a pentose molecule. This leaves 
a three-carbon portion (a triose of the pentose molecule, and two of 
these portions link up to produce further hexose. The enzymes in- 
volved in these last two reactions are, respectively, transketolase and 
aldolase. Omitting the phosphate groupings, the whole cycle of reac- 
tions may be summarised thus: 

6CgH120, + OH2O + 6TPN = 6CgH,.0O; + 6TPNH2 

hexose hexonic acid 

6CsHi120; + 6TPN = 6C5HipO; + 6CO., + 6TPNH:2 

hexonic acid entose 
(4C;H10O; = 2C;H,40; + 2C3H¢O;3 2 2CgH120¢ + 2C4Hs04 
pentose heptose triose hexose tetrose 

2C5Hi9O; = 2C3HgO3 + 2C.H,O, 

pentose triose 


2C4HsO4 + 2C2HyO. = 2CgHi20¢ 
tetrose hexose 
2C3H¢O3 = CeHi20¢ 

triose hexose 

Thus for every six molecules of hexose entering into this series 
of reactions, five are re-formed, and from the one lost six molecules 
of carbon dioxide are provided. There also arise 12 molecules of re- 
duced coenzyme, and, if these are oxidised by six molecules of oxygen 
by means of terminal oxidases, there will be a net gain of six mole- 
cules of water. The overall equation for the direct oxidation pathway 
is thus the familiar CgH120g + 6202 = 602 + 6H2O 

The evidence for the existence of the direct oxidation pathway rests 
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on the presence of pentose and heptose sugars in plants, on recogni- 
tion in plant tissues of the enzymes held responsible for the various 
stages in the cycle and on the capacity of plant material to bring about 
the oxidation of supposed intermediates. The presence of pentose 
and heptose sugars in plants has been known for many years. Sedo- 
heptulose itself is widely distributed in plants and by allowing leaves 
of Sedum spectabile to photosynthesize in an atmosphere containing 
carbon dioxide with radio active carbon C'*, Tolbert and Zill (129) 
were able to show that sedoheptulose containing C'* was synthesized. 

As regards the enzymes of the direct oxidation pathway, glucose- 
6-phosphate dehydrogenase was in an extract of spinach leaves (8), 
and from an examination of material of 15 different plant tissues, it 
was decided that this enzyme is widely distributed among plants (2). 
Axelrod and his collaborators also found that the 6-phosphogluconic 
acid resulting from the action of the enzyme on glucose-6-phosphate 
in presence of TPN was itself subjected to oxidative decarboxylation 
by another enzyme requiring TPN and which was also present in 
the leaf extracts, the product being a mixture of ribose and ribulose 
phosphates. This enzyme, phosphogluconic dehydrogenase, was also 
demonstrated in wheat embryos, leaves of parsley and spinach, roots 
of parsnip and turnip, and fruits of cantaloupe and cucumber (17). 

The enzyme phosphoribose isomerase, bringing about the inter- 
conversion of ribulose-5-phosphate and ribose-5-phosphate, was rec- 
ognised in preparations from spinach leaves (73) and lucerne (al- 
falfa) leaves (9). 

Barnett and his collaborators also reported that a preparation from 
parsley leaves brought about loss of ribose-5-phosphate and produc- 
tion of 7-carbon atom sugar, while others (8) observed in prepara- 
tions from spinach leaves that pentose phosphates gave rise to sedo- 
heptulose phosphate and triosephosphate. The enzyme effecting this 
transformation, transketolase, was obtained from leaves of spinach 
in demonstrating the production from ribose-5-phosphate of sedo- 
heptulose-7-phosphate and glyceraldehyde phosphate as a result of the 
action of this enzyme (73). 

While the demonstration of the enzyme actions effecting the re- 
formation of hexose from sedoheptulose and glyceraldehyde are not 
all so definite as those concerned in the earlier stages of the pathway, 
the formation of fructose-6-phosphate from sedoheptulose-7-phosphate 
and glyceraldehyde phosphate has been shown (71, 72). 
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Evidence that plant material will effect the oxidation of intermedi- 
ates in the direct oxidation pathway has been obtained by Beevers 
and Gibbs. The latter worker (60) reported that a cell-free extract 
obtained from leaves of garden pea would oxidise glucose-6-phosphate, 
6-phosphoglutonate and ribose-5-phosphate. An ingenious method was 
used by Beevers and Gibbs for distinguishing between degradation 
of glucose by way of the EMP pathway and its oxidation through the 
direct oxidation pathway. Experiments were made with yeast (22) 
and with material from a number of higher plants (23), including 
leaves and roots of garden pea, stems and leaves of sunflower, petiole 
and root slices of carrot, leaf and stem of parsley, leaves of Bryophyl- 
lum and roots and leaves of maize. The method consisted in conduct- 
ing parallel experiments, in both of which glucose, containing labelled 
carbon, was used as substrate, but in one of which the labelled carbon 
was in the 1 position, while in the other it was in the 6 position. If 
the EMP pathway was followed, the carbon dioxide first produced 
should have involved equally the 1 and 6 carbon atoms of the glucose 
molecule, while if the direct oxidation pathway was followed the 
carbon dioxide should have been derived from carbon atom 1. By de- 
termining the radioactivity in the carbon dioxide evolved, the relative 
contributions of carbon atoms 1 and 6 could be estimated. The rates 
of respiration were the same, whichever of the carbon atoms was 
labelled, but the amount of radioactivity in the carbon dioxide de- 
pended on which carbon atom was labelled. The C,/Cg ratio was 
defined as the ratio of the percentage of radioactivity in the carbon 
dioxide produced with glucose containing labelled carbon in the 1 
position to that in the carbon dioxide produced with glucose con- 
taining labelled carbon in the 6 position. If this ratio exceeded unity, 
it was regarded as evidence that some at least of the respiratory sub- 
strate was degraded along the direct oxidation pathway. With yeast 
the C,/Cg ratio was 2.0 and 5.2 for cells grown in an aerated and in 
a non-aerdted medium, respectively, and in which the experiment was 
discontinued when 10 to 20 per cent of the added glucose had been 
consumed; but in prolonged experiments the ratio fell with lengthen- 
ing time of experiment. These results were held to indicate that the 
direct oxidation mechanism operated in yeast but that as an experi- 
ment was continued, reactions, by which carbon dioxide involving 


carbon in the 6 position in the glucose molecule was released, oc- 
curred later. With maize roots the C,/Cg ratio approximated to unity, 
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suggesting that in these organs the direct oxidation pathway was not 
followed, or at most to a very small extent. With all the other tissues 
listed above, the C;/Cg ratio was well above unity, indicating that 
a significant part of the respiratory degradation of glucose in these 
tissues was by way of the direct oxidation pathway. Beevers (21) 
also supplied material from seven-day old pea seedlings and five-day 
old maize seedlings with gluconate and sedoheptulose containing 
radioactive carbon in definite positions in the molecules; with it he 
showed that these intermediates were oxidised by the plant material 
and that the radioactive carbon atoms followed a course in the oxi- 
dation in agreement with what was:to be expected if the direct oxi- 
dation pathway was followed. 


CONCLUDING REMARKS 


During the last 12 years the advances made in our knowledge of 
respiration in plants has been considerable. In particular, the theory 
of the course of glycolysis under both aerobic and anaerobic condi- 
tions through phosphorylated derivatives of hexose to pyruvic acid 
has been put on a very sure basis, and the widespread operation of 


the Krebs cycle as the mechanism by which, under aerobic conditions, 
the oxidation by molecular oxygen of the pyruvic acid is effected 
has been shown to be very probable. These are outstanding achieve- 
ments, as is also the discovery of a possible alternative pathway of 
aerobic respiration which is independent of the EMP pathway. In 
this article it has been possible to indicate in little more than outline 
the work which has led to the firm establishment of current theories 
of the respiratory mechanism. More detailed accounts of recent ad- 
vances in knowledge of various aspects of the respiratory mechanism 
in plants are to be found in several informative articles published 
during the last eight years in the Annual Review of Plant Physiology. 

Limitation of space has not permitted discussion here of the re- 
lationship of plant respiration to other plant processes, such as nitro- 
gen and fat metabolism, salt absorption, the very controversial ques- 
tion of an active secretion of water, and various aspects of growth. 
With these problems the main interest of the student of plant respira- 
tion lies in the mechanism by which the energy released in the break- 
down of sugar or other substrate is transferred. There is every reason 
to suppose that this is effected through organic phosphates with energy- 
rich bonds, such as adenosine diphosphate and adenosine triphosphate. 
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During the breakdown of a molecule of hexose to pyruvic acid there 
is a net production of two molecules of ATP from ADP and inor- 
ganic phosphate, and the work of Millerd and collaborators (96) and 
others has indicated that during the operation of the Krebs cycle in 
plants there is a coupling of the esterification of inorganic phosphate 
with oxidations in the cycle with the production of more energy-rich 
phosphates. Indeed, probably most of the energy-rich organic phos- 
phates are formed during the operation of the Krebs cycle. The 
working out of the mechanisms by which the energy of these phos- 
phates, obtained ultimately from the degradation of the respiratory 
substrate, is utilised in the various growth activities is no doubt one 
of the tasks of the plant biochemist and plant physiologist in the 
near future. 
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CROP ROTATION AND FALLOWING IN 
RELATION TO TOBACCO DISEASE 
CONTROL! 


RANDALL R. KINCAID? 


INTRODUCTION 


Tobacco is grown continuously for many years in some areas, but 
more often in rotations of various durations. Alternate crops include 
principally field crops and weed fallow. 

Formerly rotations were developed largely on an empirical basis. 
For example, rotation with weed fallow has long been recognized as 
more conducive to satisfactory yield and quality than rotation with 
most other crops. 

Experiments during the past 30 years have gradually put rotation 
on a more sound scientific basis and uncovered reasons for the superior- 
ity of one rotation over another. Soil-borne diseases have often had 
a controlling influence on the outcome of the tobacco crop. However, 
other factors, including soil fertility, also must be considered in a 
choice of rotations. 

Rotations recommended from the standpoint of tobacco disease 
control are ‘those which may be expected to decrease soil infestation 
by tobacco pathogens, as shown by a reduction in the incidence of 
the soil-borne disease on the succeeding tobacco crop. 

Soil-borne diseases of tobacco which have been found amenable to 
control by crop rotation include some caused by nematodes, fungi, 
bacteria, viruses and parasitic seed plants. One other, brown root rot, 
is considered to be caused by toxic residues resulting from the decom- 
position of certain preceding crops and evidently has been confused 
in many instances with nematode root rot. 

Available literature on crop rotation and fallowing in relation to 
tobacco disease control is reviewed in the following account for each 
disease as listed. The effects of plant-parasitic nematodes in aggravat- 
ing certain fungus and bacterial diseases, and the idea of varying, 
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rather than fixed, rotations are also discussed. Diseases considered and 
their causal agents are: 


Root knot—Meloidogyne spp. 

Brown root rot—Toxic residues. 

Nematode root rot—Pratylenchus spp. 

Stunt—T ylenchorhynchus claytoni. 
Blackshank—Phytophthora parasitica vat. nicotianae. 
Black root rot—Thielaviopsis basicola. 

Fusarium wilt—Fusarium oxysporum vat. nicotianae. 
Stem rot—Sclerotinum rolfsit. 

Sclerotinia disease—Sclerotinia sclerotiorum. 

Brown spot—Alternaria longipes. 

Bacterial (Granville) wilt—Pseudomonas solanacearum. 
Wildfire—Pseudomonas tabaci. 

Angular leaf spot—Pseudomonas angulata. 
Mosaic—Tobacco mosaic virus. 
Broomrape—Orobanche spp. 

Witchweed—Striga spp. 


ROOT KNOT 


Root knot, the first nematode disease of tobacco to be identified, 
has been investigated more thoroughly than any other. Study of rota- 
tions for root-knot control has been clarified by the discovery of the 
root knot nematode’s host races (12) and more recently by the estab- 
lishment of several species, distinguishable by anatomical differences 
(11). 

Tobacco, in general, was found susceptible to Meloidogyne incog- 
nita, M. hapla, M. arenaria, M. javanica (9) and M. incognita var. 
acrita (60). Certain breeding materials were resistant to M. incognita 
and M. incognita var. acrita but susceptible to M. arenaria; results were 
inconclusive with respect to M. hapla and M. javanica (22). Informa- 
tion on the susceptibility of tobacco varieties and alternate crops to 
the Meloidogyne species present can provide a scientific basis for ro- 
tations (60). 

Crops which encourage root knot include sweet potatoes, tomatoes 
and most other truck crops, cowpeas, soybeans, Austrian winter peas, 
blue lupine, clover and alfalfa (14). While tobacco may be considered 
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susceptible to root-knot nematodes that infect peanuts, injury to to- 
bacco is not severe and may pass unnoticed (12). 

Bare fallow has been effective in controlling root knot but undesir- 
able for fertility reasons (15, 24, 45, 51). Continuous tobacco main- 
tains a high level of infection (16, 24, 42). 

In Canada, rotations where crops such as corn, wheat or rye are 
grown for three years, are usually sufficient to keep down weeds on 
which root-knot nematodes feed and to.control the disease on to- 
bacco (7). 

In the United States, rotations satisfactory for root-knot control 
differ from one geographical area to another. Differences are due ap- 
parently, at least in part, to temperature affecting the potential multi- 
plication of the nematodes (24). 

In North Carolina, two-year rotations of tobacco with peanuts, cot- 
ton, oats followed by weeds, or weeds alone were adequate to insure 
against severe losses throughout a 15-year tesc period. Corn was only 
slightly less effective (24). 

In Georgia, three-year rotations were recommended. Rotation crops 
included cotton and peanuts, and peanuts followed by oats and then by 
weeds (13). Crotalaria spectabilis and C. intermedia were of equal 
value to peanuts. Highly effective grasses and sods were Dallisgrass 
(Paspalum dilatatum), Pensacola Bahiagrass (P. notatum) and centi- 
pedegrass (Eremochloa ophiuroides). Of intermediate value were cot- 
ton, velvet beans and weed fallow where crabgrass grew among the 
weeds. Other crops of intermediate effectiveness were Korean lespedeza 
(Lespedeza stipulacea), common lespedeza (L. striata), root-knot re- 
sistant soybean, pearl millet (Pennisetum glaucum) and grain sorghum 
(Sorghum vulgare) (24). Corn was still less effective, especially on 
Tifton sandy loam soil; on Norfolk lowland sandy loam, where root 
knot was less destructive, corn rotations were more reliable. Sudangrass 
(Sorghum sudanense) behaved about the same as corn (24). Crops 
such as cotton, corn and resistant cowpeas, which did not actually 
reduce nematode populations in the soil, might be included in rotations 
by placing a more resistant crop immediately before the tobacco (13). 
Unsuitable as rotation crops under Georgia conditions were sweet po- 
tatoes, susceptible cowpeas, perennial lespedeza (Lespedeza cuneata), 
carpetgrass (Axonopus compressus), Bermudagrass (Cynodon dactylon), 
susceptible soybeans, winter legumes and various truck crops (24). 

In Rhodesia, where Meloidogyne javanica was by far the commonest 
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species of root-knot nematode attacking tobacco, continuous tobacco 
gave highest infection and lowest yield. Three-year rotations with cot- 
ton and peanuts, velvet beans and cotton, or two years of weeping 
lovegrass gave significant decreases in infection and increased yields 
(16). Two of these crops, cotton and peanuts, have been reported 
immune to M. javanica (60). 


It has been suggested that it may be desirable to vary rotations for 
root-knot control rather than to follow one crop sequence repeatedly 
(16, 24), or, in other words, to “rotate the rotations” (27). For 
example, rotation crops of corn and oats might be followed by cotton 
and peanuts, and then by peanuts and oats. Millet and grain sorghum 
may be substituted occasionally with safety. Another plan might be 
to grow corn and oats in succeeding cycles until that rotation begins 
to show excessive root knot, and then change to another rotation. 
Any short rotation, continued for long periods without change, may 
become less effective. For example, after 15 years in one location, a 
rotation with peanuts and oats permitted severe root knot develop- 
ment (24). 


A study of nematode populations also supports this idea. In con- 
tinuous tobacco plots the population of root-knot nematodes consisted 
of Meloidogyne incognita and M. arenaria that apparently had become 
stabilized in their ability to infect and reproduce on tobacco but did 
not infect cotton. In one of the cotton-tobacco rotation plots, a popula- 
tion of M. incognita var. acrita severely attacked cotton but did not 
attack tobacco. In other plots of the cotton-tobacco rotation, the popula- 
tion of M. incognita var. acrita attacked both cotton and tobacco. 
These observations indicated the existence of strains or races that dif- 
fered in their ability to attack these crops (62). 


Weed fallow, using single species in relatively pure stands, has been 
effective for root-knot control. Ragweed (Ambrosia artemesiifolia) and 
horseweed (Erigeron canadensis) gave better results than lambs-quarters 
(Chenopodium album) or natural weed fallow in two- and three-year 
rotations (51). This soil was later found to be infested with root-knot 
nematodes (75). 


In two-year rotations, cocklebur (Xanthium pungens) and Texas 
millet (Panicum texanum) as rotation crops gave excellent results while 
permitting moderate and light root-knot development, respectively. 
Goose grass (Eleusine indica) gave poorest results among the six native 
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species tested, probably because of the high incidence of root knot. 
Crabgrass (Digitaria serotina) was intermediate (42). 

- Numerous other native weeds and grasses have been tested, but none 
was better than peanuts or crotalaria when used in three-year rotations. 
Susceptible weeds disappeared in long weed rotations but not in short 
ones, specially if the soil was very fertile (24). 

Root-knot nematode populations are subject to wide fluctuations; 
thus results from short rotation experiments can be misleading (15, 
62). Tobacco following cotton or corn has harbored large popula- 
tions of M. incognita (59). 

Some unexpected results have been reported. In a rotation with cot- 
ton, maximum root knot occurred in the third and fourth years, after 
which infection declined to a very low level (24). In continuous 
tobacco with winter cover crops of vetch, which is highly susceptible, 
infection was severe for three years and then declined drastically. The 
vetch, which had been severely galled during the early years, was 
also healthy (15). Thus the culture of susceptible crops does not always 
increase soil nematode populations; hence other very important factors 
(15) not yet understood are involved. 


BROWN ROOT ROT 


Brown root rot is a condition on the roots of tobacco and other 
plants which is characterized by a brown discoloration and decay of 
the root system, resulting in stunting of affected plants (39). This con- 
dition has been studied extensively in relation to toxic residues result- 
ing from decomposition of the preceding crop (5, 6, 20, 23, 37), to 
effect of crop residues on nitrate nitrogen (4), to a fungus pathogen 
(52) and to the toxicity of aluminum (40). 


Brown root rot of tobacco was most severe following corn, timothy 
and various small grains and legumes (6, 7, 18, 19, 25, 38, 47, 52, 68), 
and least severe after bare fallow (38, 39) or another crop of tobacco 
(6, 38, 39). 

Within the last ten years plant-parasitic nematodes have been impli- 
cated in brown root rot or a very similar disease, as reviewed under the 
heading of “nematode roor rot.” 


As a result of a recent study, however, it was concluded that toxins 
produced by decomposition of plant residues may perform a signifi- 
cant role in the soil, not only as primary causal or initiating agents of 
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certain root rots but also in predisposing the plant to attack by organ- 
isms not normally regarded as pathogenic. Relative toxicity of various 
extracts was assayed by their effects on germination of tobacco seed, 
respiration of tobacco seedlings and growth of tobacco plants. Extracts 
from timothy were most toxic, while those from corn, rye and tobacco 
were successively less toxic (57). 


NEMATODE ROOT ROT 


Nematodes of the genus Pratylenchus, commonly called “meadow 
nematodes”, have been related to a root-rot disease very similar, per- 
haps in many instances identical, to brown root rot (2, 14, 28, 35, 48, 
70). Various fungi and bacteria have been isolated from the character- 
istic brown lesions, but, in the absence of meadow nematodes, these 
organisms did not cause the disease (28, 35, 48). 

In South Carolina, two species of Pratylenchus were observed. Praty- 
lenchus leiocephalus was the more numerous in cotton and tobacco. 
P. zeae was the more abundant in corn and crabgrass, and was fre- 
quently found also in tobacco. Injury to tobacco was most serious 
following cotton or corn. Less injury was observed where tobacco fol- 
lowed peanuts, oats and weeds or another crop of tobacco (28). 

In Kentucky, tobacco grown after sod crops, alfalfa, red clover or 
corn may be heavily infested with meadow nematodes. Tobacco grown 
on the same land year after year with cover crops of vetch or small 
grain, although these were susceptible, harbored very few meadow 
nematodes. Among native weeds, ragweed yielded only an occasional 
meadow nematode, while wild lettuce carried them through the 
winter in immense numbers (70, 71). Later studies indicated that the 
nematodes involved in these studies were principally Pratylenchus pene- 
trans (10). 

In Ontario, when tobacco followed corn, oats or timothy, and root 
rot appeared, the disease usually was caused by Pratylenchus minyus. 
When tobacco was rotated with cereal crops such as rye, injury to 
tobacco caused by P. penetrans and an undescribed species of Pratylen- 
chus, called the “rye nematode,” became increasingly prevalent. An- 
other undescribed species common on clovers also caused root rot of 
tobacco (46). Root rot was particularly severe in fields where tobacco 
followed corn or soybeans. It frequently occurred where timothy sod 
land was planted to tobacco for the first time. It was usually not severe 
after two or more consecutive crops of tobacco (32, 46a). 
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Growing tobacco in Connecticut after corn, timothy or forage crops 
is not considered advisable. The disease was least serious after a pre- 
ceding crop of tobacco (2). 

Sweet potatoes and weeds are recommended as rotation crops in 
North Carolina (56). 

A root rot of tobacco in Florida, following a cover crop of native 
weeds and grasses, was observed and photographed in 1939 (45). 
Lateral roots had largely disappeared, leaving only scars or decaying 
remnants on the few remaining enlarged roots. This condition, given 
the descriptive name of “coarse root”, was found later to be associated 
with meadow nematodes (42). 

Tobacco was grown in Florida in two-year rotations with various 
other crops and native species. Six-year average indexes of nematode 
root rot (coarse root) infection in the tobacco crops varied widely. 
Incidence of root rot was low in continuous tobacco or in tobacco fol- 
lowing cocklebur (Xanthium pungens); medium following corn and 
mixed native vegetation, Texas millet (Panicum texanum) or crab- 
grass (Digitaria serotina); and high following goose (crowfoot) grass 
(Eleusine indica) or coffee weed (Emelista tora) (42). Two-year rota- 
tions with cockleburs, or with oats succeeded by cockleburs, have been 
used extensively in Florida for cigar-wrapper tobacco (43). 

An early study in North Carolina of root rot associated with meadow 
nematodes led to the conclusion that the disease increased in intensity 
with successive crops of tobacco (48). A similar observation was made 
in Georgia (24). On the other hand, the consensus is that nematode 
root rot im successive crops of tobacco is less severe than in tobacco 
following various other crops (2, 28, 32, 35, 42, 46, 71). The reason 
appears to be that, while tobacco roots are subject to severe decay after 
attack by Pratylenchus spp., nematodes produced on tobacco are few 
compared with those on rye, corn or crabgrass (21, 28, 59). 

Meadow nematodes may in time become adapted to any new strain 
of tobacco. A new and genetically different strain often will produce 
a satisfactory crop when grown for the first time on soil infested with 
Pratylenchus (25). On the other hand, varieties which have been grown 
and selected on nematode-infested soil over a long period apparently 
have built up a tolerance to certain of these nematodes (21). 


In view of the increasing number of nematode species in Ontario 
and their broad and overlapping host ranges, it would appear that crop 
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rotation, as a means of preventing root rot, is likely to decrease in 


importance (46). 
STUNT 


The tobacco stunt nematode is an ectoparasitic species which occurs 
generally in tobacco soils and frequently in corn and cotton soils (28). 
Although low numbers of this nematode caused stunting, it appeared 
to maintain high population levels on tobacco (21), suggesting that 
growing tobacco continuously would be undesirable in infested fields. 
Rotation crops recommended for controlling stunt nematodes included 
crotalaria, peanuts and weeds; poor crops included corn, small grains, 
Sudan grass and sweet potatoes (56). 


BLACKSHANK 


According to an early report on blackshank, tests made in two 
Florida fields, which had been abandoned for tobacco culture, showed 
that the soil was still infested after three and five years (69). 

Soil infestation with the blackshank Phytophthora tends to increase 
with successive tobacco crops (14, 24, 43, 56). The length of rotation 


varies with the level of resistance in the tobacco grown, from two years 
(43) to three or four years or more (36, 53, 56, 74). 

Two years of forage crops, which require no cultivation and hence 
reduce spread of infestation, followed by two years of cotton, corn or 
peanuts are recommended (13, 24). 


The incidence of blackshank was increased in the presence of cer- 
tain plant-parasitic nematodes, including Meloidogyne spp. (24, 30, 
54, 61, 63), Pratylenchus spp. (54) and Tylenchorhynchus claytoni 
(30, 54). In other experiments there was little or no increase in the 
presence of Pratylenchus brachyurus or Rotylenchus brachyurus (30). 
However, the incidence of blackshank in a root-knot resistant variety 
was-not increased by inoculation with root-knot nematodes (58). 

Rotation crops which require liming to a soil pH above 5.5 should 
be avoided because liming aggravates blackshank (34, 44). 


BLACK ROOT ROT 


In Canada, if tobacco varieties susceptible to block root rot are 
grown, a rotation of at least three years on light soils and four years 
or longer on heavy soils should be practiced to insure freedom from 
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damage by this disease. Of the rotation crops, field beans, soybeans, 
alfalfa, and red, white and alsike clover are susceptible, while small 
grains, tomatoes and corn are resistant (7, 46a, 47). 


In Massachusetts, tobacco in rotation with corn and timothy or corn 
and clover showed much less black root rot than continuous tobacco 
with no cover crop. Tobacco, in rotation with potatoes and onions, or 
continuous tobacco with cover crops of timothy, red top or rye, showed 
intermediate amounts of black root rot (6). 


Rotation crops which require liming to a soil pH above 5.6 should 
be avoided because liming aggravates black root rot (1). 


FUSARIUM WILT 


Once soil has become infested with the tobacco wilt Fusarium, 
rotations of tobacco with certain crops should be avoided, especially 
sweet potatoes (13, 14, 15, 24, 67, 71, 74), because the same fungus 
attacks both crops (13, 14, 24, 67). 

In Kentucky, Burley: tobacco grown in fields where watermelons, 
tomatoes, potatoes and cotton as well as sweet potatoes had Fusarium 
wilt was more likely to be diseased than that grown in fields where 
susceptible crops had not been grown previously (71). On the other 
uand, no Fusarium wilt developed in Georgia on flue-cured tobacco 
grown in rotations with cotton and cowpeas, although in some instances 
Fusarium infection exceeded 50 percent on the alternate crops (67). 
Inoculation studies showed evidence that certain varieties of tobacco 
differed in their susceptibility to isolates of Fusarium. Isolates from cot- 
ton, South Carolina tobacco, Kentucky tobacco, okra and Cassia 
(Emelista) tora caused wilt of susceptible Burley tobacco but not of 
Gold Dollar flue-cured tobacco. Isolates from Maryland tobacco caused 
wilt of both Burley and Gold Dollar (3). 


Fusarium wilt has been controlled in Georgia by three-year crop ro- 
tations, plus the use of slightly resistant standard tobacco varieties. 
Rotations that failed to control root knot also failed to prevent wilt. 
Two successive years of oats, plus weeds, effectively controlled this 
root knot-wilt complex (24). 


Tylenchorhynchus claytoni, attacking the roots of a wilt-susceptible 
tobacco variety, greatly increased the incidence of wilt (33). Control 
of root-knot nematodes on tobacco by soil fumigants gave also definite 
control of wilt (55). 
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STEM ROT 


Crop rotation had little effect on the amount of stem rot in tobacco 
(15). Less stem rot of tobacco was observed following cotton or an- 
other crop of tobacco than following cowpeas, corn, weeds, bare fallow 
or peanuts. Tobacco after velvet beans had the most disease, averaging 
four percent. Increased stem rot was associated with severe root knot 
in these rotations (24), and soil fumigation for nematodes has given 
good control of stem rot (14). 


OTHER FUNGUS DISEASES 


Fields on which serious losses from Sclerotinia disease occur should 
not be returned to tobacco for several years (8). 
Crop rotation has been advocated for the control of brown spot (17). 


BACTERIAL WILT 


Bacterial wilt control by crop rotation has been studied intensively. 
Moderate control has been obtained by this method, but results have 
been erratic (15, 24, 26, 65). 

In Sumatra, wilt is controlled by planting tobacco only once in seven 
years or more, and using Mimosa invisa as a cover crop (72) 

In North Carolina, incidence of tobacco wilt was not correlated 
closely with the susceptibility of the preceding crop plants or weeds. 
Corn, soybean and redtop, in rotations of three years or more, were 
the most effective crops tested (66). Corn, which was immune to wilt, 
was only slightly more effective than soybean which was susceptible 
to stem inoculation (64). Although the reaction of weed species ranged 
from immune to highly susceptible (64), the number of susceptible 
weeds growing in an area was not correlated with the incidence of 
wilt on tobacco grown the following year (15, 66). 

Tobacco should not follow tobacco in infested fields (66). Other 
crops which aggravated wilt included peanut, potato, tomato, pepper 
(13, 14, 56) and eggplant (14). 


Clean fallow for periods as long as four years gave less wilt control 
than four years of corn (66). 


3. Kelman (41), in his monograph on bacterial wilt, reviewed numerous 
earlier reports from Indonesia on control of bacterial wilt of tobacco by crop 
rotation. 
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The heavy carry-over of wilt in the weed-fallow and bare-fallow 
plots cannot be explained on the basis of host plants. Possibly the bare 
fallow provided conditions that favored persistence of the organism in 
the soil. The striking lack of infection after corn, as compared with 
bare fallow, cannot be attributed solely to wilt immunity of corn (15). 

It appears that two separate factors gave wilt control by crop rota- 
tion: 4) the starvation effect associated with an absence of host plants, 
as illustrated by the slight reduction in wilt obtained with bare-fallow 
rotations; b) the crop effect associated with the use of certain plants 
in the rotation, as illustrated by corn. The starvation effect was con- 
siderably less important than the crop effect. The nature of the crop 
effect was not investigated, but probably the biological situation 
in the soil was a factor. Other indirect factors, not under positive con- 
trol, appeared to determine the effectiveness of the rotations (66). 

The severity of wilt was increased by the activity of certain nema- 
todes. Tobacco. plants inoculated with both wilt bacteria and Meloido- 
gyne incognita vat. acrita developed wilt symptoms earlier and more 
severely than those exposed to bacteria alone (50). On the other hand, 
the presence of Tylenchorhynchus claytoni did not increase the severity 


of bacterial wilt attack on tobacco. The explanation was proposed that, 
whereas root-knot nematodes in feeding reached the xylem, tobacco 
stunt nematodes did not reach the xylem (49). 


WILDFIRE AND ANGULAR LEAF SPOT 


Rotation of other crops with tobacco is suggested for the prevention 
of wildfire and angular leaf spot in Canada (7). 


MOSAIC 


Overwintering of the tobacco mosaic virus in undecomposed tobacco 
tissue has been reported from Connecticut, Wisconsin and Kentucky 
(2, 38,71) Nevertheless, tobacco can be grown in Kentucky following 
a heavily infected crop without fear of infection, except in an occasional 
plant, if proper precautions are taken to prevent infection from other 
sources. 

Roots of tobacco readily become infected with mosaic when inocu- 
lated, but the virus spreads very slowly from the roots to the top, unless 
the tops are removed and sucker growth develops. Thereupon the virus 
quickly moves into the new growth (71). 
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Growing of tobacco in Canada is to be avoided subsequent to mosaic- 
infected tobacco (46a) or tomatoes (19). 


PARASITIC SEED PLANTS 


Various forage legumes are reported to stimulate the germination of 
seeds of broomrape (Orobanche ramosa), but on these hosts the broom- 
rape does not produce seed. Crops of these legumes following tobacco 
thus are able to eliminate broomrape (31). 

Certain legumes are suggested as trap crops for the control of to- 
bacco witchweed (Striga gesnerioides) in Southern Rhodesia. Witch- 
weed seed germinated from 40 to 50 percent in the presence of 
roots of cowpea, pigeon pea (Cajanus cajan) and velvet bean, but 
adult plants of tobacco witchweed have never been seen on these hosts. 
Velvet bean is preferred because it is relatively resistant to nematodes 


(73). 
DISCUSSION 


Correlations usually have been found between the susceptibility of 
alternate crops and the incidence of disease on tobacco. The suitability 
of growing a given crop in rotation with tobacco is often predictable 
from the results of inoculation studies made under appropriate con- 
ditions. Noteworthy exceptions have been found, however, in the case 
of bacterial wilt. 

The behavior of the bacterial wilt pathogen under crop rotation sys- 
tems leaves much to be explained. Starvation and crop effects have 
been mentioned. A nematode relationship is indicated clearly by recent 
studies, but it would not explain the results obtained with bare fallow 
which is effective for nematode control and relatively ineffective for 
wilt control. Addition of large amounts of organic matter to the soil 
reduced the incidence of wilt (41). Aeration of broth cultures of 
Pseudomonas solanacearum by shaking retarded loss of virulence (41a). 
Thus oxygen relationships may have a part in the maintenance of viru- 
lence in crop rotations. 

Cultivated crops generally suitable for rotation with tobacco include 
representatives of several plant families, especially the Gramineae and 
Leguminosae. Weeds, particularly among the Compositae, deserve fur- 
ther consideration as alternate crops. Vegetable crops of the family 
Solonaceae are to be avoided because they are susceptible to many of 
the same soil-borne diseases as tobacco. 
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Disease control by resistance and soil treatment has a direct bearing 
on the results of various crop rotations. Also, nematode control by 
rotation, resistance and soil treatment has an indirect effect on the 
control of certain other diseases, including blackshank, Fusarium wilt 
and bacterial wilt. 

Several references to disease resistance have been made. As resistance 
to other diseases and higher levels of resistance become available, rota- 
tions may be less critical. It is to be expected, however, that rotation 
will continue to have an important place in programs of tobacco disease 
control. 

It is understood also that soil fertility factors, especially maintenance 
of suitable levels of nitrogen and organic matter, must be considered. 
If rotation studies are to be of economic value, they must take into 
strict account the yield and quality of the tobacco crop. 
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